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Nodulation is the mutualistic symbiosis in which plants house nitrogen-fixing 
bacteria in specialized root nodule organs, and exchange plant photosynthate for bacteria 
fixed nitrogen. This symbiosis occurs only in the Nitrogen-Fixing Clade (NFC) of rosids 
– the Fagales, Fabales, Cucurbitales and Rosales. Within the NFC, nodulation evolved 
multiple times independently, and different nodulating lineages show substantial 
differences in nodule morphology and development, as well as bacterial symbiont and 
infection mechanism. Despite the apparent nonhomology of nodulation, each examined 
instance of its evolution involved the recruitment of the same homologous genes, 
meaning that nodulation is deeply homologous. The nodulation pathway evolved by the 
recruitment of genes from a variety of pathways, in an example of evolutionary tinkering. 
This dissertation examines the precise pattern of gene recruitment that created nodules in 
different lineages, with a focus on the subtilase gene family. A phylogenetic analysis of 
the subtilase gene family reveals that the subtilase ortholog recruited for nodulation in the 
legumes is paralogous to the one recruited in the Fagales, and that these two lineages 
diverged before the origin of the NFC. A synteny analysis of symbiotic subtilases in the 
legumes shows that a lineage of subtilases mediating arbuscular mycorrhization 
originated by whole genome duplication, followed by lineage-specific tandem 
duplication. A transcriptomic study of nodulation in Elaeagnus umbellata, a nodulating 
actinorhizal shrub in the Elaeagnaceae for which the genetic basis of nodulation is poorly 
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understood, assembled 13 genes homologous with those involved in nodulation in other 
lineages, showing deep homology. 12 of these 13 genes were orthologous, showing 
congruence with the species tree in phylogenetic analysis, but our assembled E. 
umbellata subtilase was paralogous with those mediating nodulation in the actinorhizal 
Fagales and orthologous with those mediating nodulation in rhizobial legumes. In 
showing differential recruitment of subtilases in the independent origins of nodulation, 
this dissertation provides further evidence of the nonhomology of nodulation, and 
presents nodulation as a fertile system to examine the ortholog conjecture, deep 









1.1 Complexities of Homology Inference 
 Homology is one of the most powerful and animating ideas in describing the 
diversity of life on earth (Simpson, 1961; Van Valen, 1982; Patterson, 1982; Roth, 1984; 
Patterson, 1988; Wagner, 1989). The term was first defined by Richard Owen in 1843 as 
“the same organ in different animals under every variety of form and function” (Owen, 
1855). After the introduction of formal evolutionary theory, it came to mean a similarity 
of corresponding structures in different species, based on continuous inheritance from a 
common ancestor (Patterson, 1988). A shared developmental basis and anatomical 
position has long been recognized to be an important part of the similarity criterion of 
homology (Roth, 1984; Wagner, 1989). Even in the 19th century, Karl Gegenbaur 
specified that homologous structures should be derived from the same primordium or 
anlage (quoted by Spemann, 1915 translated by Wagner, 1989). If the same 
developmental program and constraints yield corresponding structures in different 
organisms, the thinking goes, the similarity in those structures is more likely to reflect a 
shared inheritance and common descent (Wagner, 1989). However, as the genetic 
underpinnings of various traits and their development have been revealed in recent 
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decades, this developmental reasoning has been complicated (Abouheif et al., 1997; 
Shubin et al., 2009; Scotland, 2010; Mozcek et al., 2015). 
Continuously inherited orthologous genes can be independently recruited for 
convergent functions in different lineages, a phenomenon that has been called “deep 
homology” (Shubin et al., 1997). Structures traditionally viewed as analogous, such as 
the eyes of insects and vertebrates, are directed in part by orthologous genes (such as 
PAX6) that were independently recruited in these lineages (Shubin et al., 2009). 
Furthermore, genes may be recruited from multiple different pathways and 
neofunctionalized to form a new one, a process called “tinkering” or “bricolage” (Jacob, 
1977; Wilkins & DuBoule, 1998; Wilkins, 2007). Therefore, there needn’t be a one-to-
one correspondence between the evolutionary histories of different elements of a trait or 
structure, nor between the different levels (genetic, cellular, developmental, and 
anatomical) at which that structure can be assessed (Roth, 1984; Shubin et al., 1997). 
Since organs and their development emerge from the interactions of multiple genes, each 
of which may have a different evolutionary history, complex structures should be broken 
up into their component parts when assessing homology (Roth, 1988). This view has led 
to a more nuanced assessment of homology, and greater insight into the evolutionary 
processes that create complex traits. In plant biology, nodulation affords one of the most 
fertile case studies in the complexities of inferring homology (Markmann & Parniske, 





1.2  Nodules are not Simply Homologous 
Nodulation is a mutualistic symbiosis in which nitrogen-fixing bacteria, housed in 
specialized nodule organs on the plant root, exchange bacterially fixed nitrogen for plant 
photosynthate (Hellriegel & Wilfarth, 1888; Sprent, 2001). This association has been 
studied in detail due to its important role in terrestrial nutrient cycling in both wild and 
agricultural ecosystems, and in providing dietary protein for human nutrition (Galloway 
et al., 1995; Smil 1999; Sprent, 2001; Oldroyd 2013). In angiosperms, nodulation occurs 
only in the Nitrogen Fixing Clade (NFC) of rosids (the Fagales, Fabales, Cucurbitales 
and Rosales) (Soltis et al., 1995). Elements of the nodulation program have a shared 
genetic basis and developmental pathway across examined nodulating lineages (Swensen, 
1996; Gualtieri & Bisseling, 2000; Markmann et al., 2008; Gherbi et al., 2008; 
Svistoonoff et al., 2014).  
Despite the unifying definition, phylogenetic clustering, and appreciable genetic 
and developmental similarities among different instances of nodulation, nodulation fails 
both the congruency and similarity tests of homology (Swensen et al., 1996; Doyle, 
2011). Multiple lines of phylogenetic, genetic, morphological and developmental 
evidence suggest that nodules are not strictly homologous and instead were derived from 
multiple independent origins. First, within the NFC, the phylogenetic distribution of 
nodulation is quite incongruent. A strict parsimony analysis of ancestral state infers five 
independent origins within the legumes and nine origins in the Rosales, Fagales and 
Cucurbitales. The predominant view is that nodulation evolved multiple times 
independently within the NFC with relatively few losses (Soltis et al., 1995; Swensen, 
1996; Swensen & Mullin, 1997; Gualtieri & Bisseling, 2000; Markmann & Parniske, 
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2009; Doyle 2011; Svistoonoff et al., 2014; Werner et al., 2014; Li et al., 2015; Doyle, 
2016), though there is some evidence for the alternative view that nodulation evolved 
once with massive subsequent losses (Soltis et al., 1995; Van Velzen et al., 2018). 
Second, there are differences in nodule development among nodulating lineages (Fig. 
1.1, Fig. 1.2). In non-legumes, the nodule is indeterminate (retaining a meristem) and 
arises from pericycle cells (Racette & Torrey, 1989; Pawlowski & Sprent, 2008), whereas 
in legumes, the nodule can be determinate or indeterminate in different lineages, and is 
derived from cortical cells (Sprent, 2001; Sprent & James, 2007). Legumes grow 
peripheral vasculature around the nodule like a stem, while non-legumes grow a central 
vasculature like a root (Pawlowski & Sprent, 2008). Third, some nodulating lineages are 
infected through root hair curling, while others are infected through the middle lamellae 
between epidermal cells or even wounds or cracks in the epidermis; all three infection 
mechanisms have a polyphyletic distribution (Sprent, 2001; Pawlowski & Sprent, 2008). 
Fourth, different paralogs have been recruited in the independent origins of nodulation, 
which would not be expected in nodules were homologous (Taylor & Qiu, 2017; Sturms 
et al., 2010). 
 Additionally, different nitrogen-fixing bacteria infect different nodulating plant 
species (Hirsch & LaRue, 1997; Sprent, 2001; Pawlowski & Sprent, 2008). The 
actinobacterial genus Frankia infects the actinorhizal plants, which constitute about 220 
species spanning eight families and 25 genera in the Rosales, Fagales, and Cucurbitales 
(Fig. 1A, Wall, 2000). Different species of bacteria collectively called “rhizobia,” which 
comprise a polyphyletic group of 15 genera in both the alpha- and beta-proteobacteria, 
nodulate different legumes, as well as the genus Parasponia in the Cannabaceae 
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(Rosales) (Swensen, 1996; Sprent, 2001). All rhizobia have both nitrogen-fixing genes 
(such as nifH) and nod genes that encode enzymes responsible for making lipo-chito-
oligosaccharide (LCO) signaling molecules (Velázquez et al., 2010; Gyaneshwar et al., 
2011).  
 
1.3 The Evolution of Nodulation 
While nodules are likely not homologous, the absence of nodulation outside of the 
NFC suggests that there is some synapomorphic genetic endowment or “predisposition” 
for nodulation unique to this clade (Soltis et al., 1995; Swensen, 1996; Doyle, 1998; 
Markmann & Parniske, 2009). The shared genetic basis across independent instances of 
nodulation strengthens this case; more than 290 orthologous genes have been found to be 
induced during nodulation in both Medicago (Fabales) and Parasponia (Rosales) (van 
Velzen et al., 2018).  
Our understanding of the shared genetic basis for nodulation has been growing 
since the late 1980’s, when legume mutants incapable of forming nodules were 
discovered to be deficient in forming Arbuscular Mycorrhizal (AM) associations with 
glomeromycete fungi as well (Duc et al., 1989). Nodulation was hypothesized to be 
derived from AM (LaRue & Weeden, 1994), and subsequent investigation revealed that 
these dual deficiencies were due to mutations in orthologous genes involved in a signal 
transduction pathway mediating both AM and nodulation (e.g., van Rhijn et al., 1997; 
Catoira et al., 2000; Kistner et al., 2002; Kistner et al., 2005). This pathway has been 
called the Common Symbiotic (sym) Pathway or the Common Symbiotic Signaling 
Pathway (CSSP).  
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The CSSP genes encode a pathway for the perception of microsymbiont signals 
and subsequent cellular signal transduction events including nuclear calcium spiking, 
leading to the reception of the microsymbiont in the plant root (for reviews, see Parniske, 
2008; Yokota & Hayashi, 2011; Oldroyd, 2013; Genre & Russo, 2016). Ten CSSP genes 
have been shown to be required for both nodulation and AM (Table 2.1, Genre & Russo, 
2016), with dozens shown to be induced during both symbioses (van Velzen et al., 2018). 
Many of these genes, as well as the nuclear calcium spiking phenotype, have been shown 
to be induced during nodulation in both rhizobial and actinorhizal lineages (Gherbi et al., 
2008; Hocher et al., 2011; Svistoonoff et al., 2014; Granqvist et al., 2015). Nodules thus 
exemplify “deeply homologous” structures (Doyle, 2011), in that phylogenetically 
distinct instances of nodulation originated by the repeated independent recruitment of 
homologous genes from an AM signaling pathway, which is symplesiomorphic relative 
to nodulating lineages. 
 It is not surprising that the repeated independent evolution of a complex organ 
such as the nodule would involve the recruitment of a “genetic toolkit” comprising many 
genes for nodulation, as is seen with the repeated independent evolution of C4 
photosynthesis in grasses (Christin et al., 2013). However, while the CSSP is the kind of 
“genetic toolkit” that can help account for the repeated evolution of an organ as complex 
as the nodule, the CSSP itself cannot be the genetic endowment or predisposition for 
nodulation. The CSSP is not restricted to the NFC, and its parallel recruitment does not 
explain why nodulation only occurs in the NFC; CSSP genes mediate the AM 
association, which is synapomorphic to all land plants (Wang & Qiu, 2006; Wang et al., 
2010). If the CSSP is present and conserved across land plants, what is the special 
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“predisposition” for nodulation in the NFC? One possibility lies in NFC-specific 
increases in the “bandwidth” of the CSSP, or the ability to discriminate between signals 
from nodule bacteria and AM fungi. Some CSSP genes show functional equivalence in 
NFC and non-NFC lineages; for example, the Oryza sativa ortholog of the CSSP gene 
CYCLOPS can restore nodulation in Lotus japonicus (Yano et al., 2008). However, other 
CSSP genes like SYMRK and CCAMK from non-NFC lineages can restore AM but not 
nodulation phenotypes in legume symrk and ccamk mutants (Markmann et al., 2008; 
Wang et al., 2010).  
 Further complicating the picture, the genetic machinery of nodulation was not 
only recruited from the AM symbiosis, but also assembled from genes recruited from 
multiple pathways (Szczyglowski & Amyot, 2003; Yokota & Hayashi, 2011; Soyano & 
Hayashi, 2014; Doyle 2016). Duplication and neofunctionalization or 
subfunctionalization in these non-CSSP genes may also play a role in an increased 
bandwidth, as different paralogs can mediate AM and nodulation (Vanneste et al., 2014; 
Taylor & Qiu, 2017). Genes from innate immune pathways (Nakagawa et al., 2011), 
lateral root development (Soyano et al., 2013; Soyano & Hayashi, 2014), and even pollen 
tube development (Tansengco et al., 2004; Nouri & Reinhardt, 2015) were also recruited 
for nodulation.  
The evolutionary origin of nodulation may thus represent an example of 
“tinkering” or “bricolage” (Jacob, 1977; Wilkins & Duboule, 1998; Soyano & Hayashi, 
2014; Doyle, 2016). Roth (1988) called this kind of genetic rewiring “genetic piracy” 
while arguing that understanding the homology of the resulting traits requires 
deconstructing their individual aspects and assessing the evolutionary history of each. 
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While CSSP genes show an evolutionary history of vertical inheritance of single-copy 
orthologs, many other nodulation genes have more complex evolutionary histories (Wang 
et al., 2010; Taylor & Qiu, 2017). Different nodulating lineages have recruited different 
paralogous genes during the independent origins of nodulation (Op den Camp et al., 
2011; Vázquez-Limón et al., 2012; Taylor & Qiu, 2017), which could impact the 
symbiont specificity, development, or morphology of the resulting nodules 
 Nodulation represents an excellent system to study questions of deep homology 
and evolutionary tinkering in the origins of a complex trait. The phylogenetic distribution 
of nodulation is well understood (Soltis et al., 1995; Li et al., 2015; LPWG, 2017). The 
morphology and development of nodules has been described extensively in many 
lineages (see Sprent, 2001; Pawloski & Sprent, 2008; Pawlowski & Demchenko, 2012). 
Nodulation has been characterized genetically in model papilionoid legumes, and work is 
underway to extend that understanding to actinorhizal lineages and the rhizobial genus 
Parasponia (e.g., Gherbi et al., 2008; Op den Camp et al., 2011; Hocher et al., 2011; 
Svistoonoff et al., 2013; Svistoonoff et al., 2014; Van Velzen et al., 2018). This body of 
work allows for a phylogenetic approach to the question of deep homology in the origins 
of evolutionarily independent instances of nodulation, by assessing evolutionary history 
of genes involved in nodulation (Doyle 1994; De Mita et al., 2014; Taylor & Qiu, 2017). 
This dissertation examines the evolution of nodulation on a genetic level, by investigating 
the evolutionary history of nodulation genes, and adds the root transcriptome of 
Elaeagnus umbellata, a species in a nodulating lineage that has not been extensively 
examined at a genetic level. 
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1.4 Summary of Dissertation Chapters 
In Chapter 2, I review the literature concerning homology between evolutionarily 
distinct nodulation symbioses at developmental, morphological, and genetic levels, in a 
phylogenetic framework. This work draws on over a century of characterization of the 
morphology and development of nodules in different lineages, as well as more recent 
work on its genetic basis. Nodulation has a complex evolutionary history of deep 
homology and evolutionary tinkering, yielding different symbiotic organs that remain 
variations on a single theme. While a common genetic toolkit underlies the repeated 
evolution of nodules, the precise orthologous gene lineages recruited in some nodulating 
lineages are not present in others; different plant lineages differentially recruited 
divergent paralogs of genes such as subtilases and receptor kinases for nodulation. 
Finally, some genes repeatedly recruited for nodulation, such as the transcription factor 
NIN and nodule hemoglobins, are not involved in the AM, and were recruited from 
separate pathways, exemplifying evolutionary tinkering. These differences in genetic 
material available may help explain differences in host specificity and nodule 
morphology, as well as the phylogenetic distribution of a “predisposition” to nodulate, 
and which kinds of nodules different lineages are predisposed to evolve. This chapter 
provides the intellectual foundation for the rest of the dissertation. 
 In Chapter 3, I analyze the evolutionary history of the subtilase gene family, a 
group of proteases involved in protein turnover at the symbiotic interface in nodulation 
and AM symbioses. Phylogenetic analysis of the subtilase gene family in plants shows a 
pattern of repeated duplication that accelerated during the origin of angiosperms. 
Phylogenetic and syntenic analysis shows that subtilases required for AM in Lotus 
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japonicus arose in a legume-specific whole genome duplication. I identify the 
orthologous gene lineages of several characterized subtilases, with various symbiotic and 
non-symbiotic functions.  I show that subtilases required for nodulation and AM in Lotus 
japonicus are orthologous with those involved in pathogen defense in the asterid Solanum 
lycopersicum, and these genes are paralogous with a lineage of subtilases required for 
nodulation in Casuarina glauca (Fagales). Different orthologous gene lineages that 
diverged during the origin of angiosperms have been differentially recruited for 
nodulation in actinorhizal and legume nodulation. In light of the transcriptional 
conservation of these subtilases in nodulation in these two lineages (Svistoonoff et al., 
2003; Svistoonoff et al., 2004), this pattern of differential recruitment of paralogous 
subtilases for convergent function counters the ortholog conjecture, that orthologous 
genes are more likely to be recruited for similar functions (Kondrashov et al., 2002; 
Gabaldon & Koonin, 2013). 
 Chapter 4 concerns the root transcriptome of the actinorhizal shrub Elaeagnus 
umbellata following exposure to its nodule symbiont Frankia. While much progress has 
been made in elucidating the genetic basis of nodulation, most of this research has been 
restricted to a few model organisms, such as the papilionoid legumes Medicago 
truncatula and Lotus japonicus, and the actinorhizal species Casuarina glauca and Alnus 
glutinosa (Fagales), both characterized by infection through root hair curling and the 
formation of transcellular infection threads. Several lineages representing independent 
origins of nodulation, and particularly actinorhizal and intercellularly infected lineages, 
remain poorly studied at a genetic level. E. umbellata is intercellularly infected with no 
transcellular infection threads, and is in a lineage (Elaeagnaceae; Rosales) for which the 
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genetic basis of nodulation formation has not been examined. Thus, E. umbellata 
represents an excellent system for discovering the degree of parallelism and convergence 
in the evolutionary origins of nodulation.  
Transcriptome assembly of E. umbellata discovered several genes that are 
homologous to those involved in nodulation in other lineages, providing another example 
of deep homology in nodulation. Phylogenetic analyses of these genes show their precise 
orthologous gene lineage; the majority are orthologous to those mediating nodulation in 
other lineages, as has been previously reported for most CSSP genes. However, we found 
two examples of nodulation genes in paralogous lineages that were deeply divergent with 
those mediating nodulation in other plants. A subtilase upregulated in actinorhizal E. 
umbellata during nodulation is in an orthologous lineage to those required for nodulation 
in rhizobial legumes, and is distantly related to the subtilases required for nodulation in 
the actinorhizal Fagales. Additionally, while our E. umbellata NIN was found to be 
orthologous to NIN in nodulating species in the Fagales, Fabales and Rosales, we found 
that a NIN homolog previously reported to be upregulated during nodulation in Datisca 
glomerata (Cucurbitales; Demina et al., 2013) was orthologous with the NLP1 lineage, 
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The Evolution of Nodulation 
2.1 Nodulation in Legumes 
Infection Mechanism 
 Our understanding of the infection and organogenesis of nodules is derived 
primarily from a few model lineages, foremost among them the model papilionoid 
legumes Lotus japonicus (tribe Loteae) and Medicago truncatula (tribe Trifoleae). In M. 
truncatula, perception of compatible Lipo-Chito-Oligosaccharide (LCO) signals by 
receptor kinases induces a set of coordinated developmental responses (Timmers et al., 
1999; Guinel & Gell, 2002; Oldroyd & Downie, 2008). The root hair curls, forming the 
characteristic “Shepherd’s crook” which traps rhizobia in a pocket on the cell surface 
(Truchet et al., 1991). Calcium influx induces the movement of the nucleus to the tip of 
the root hair, at which point it is surrounded by a dense microtubule array (Felle et al., 
1999; Timmers et al., 1999). Nuclear calcium spiking in the root hair and surrounding 
epidermal tissue, mediated by the Common Symbiotic Signaling Pathway (CSSP), 
induces the expression of genes associated with nodule organogenesis and infection, 
which may be separate but interconnected pathways (Ehrhardt et al., 1996; Madsen et al., 
2010; Oldroyd 2013; Soyano & Hayashi, 2014). A “pre-infection thread” (PIT) of 
cytoplasmic bridges across root cells and an “infection thread” (IT) sheathed in cell wall 
material begins to form from the center of the curled root hair by invagination of the 
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plasma membrane (Dart, 1977; Timmers et al., 1999). A dense array of microtubular 
cytoskeleton surrounds the IT, which connects to the root hair nucleus and then grows in 
a polar fashion through the PIT (Timmers et al., 1999). Rhizobia grow through the IT, 
which carries them to the nodule primordium, formed from cortical cell divisions 
(Timmers et al., 1999).  
This canonical root hair infection mechanism appears to be ancestral and 
widespread across legumes, being found in the basal genus Chamaecrista (Cassieae), and 
the majority of mimosoid and papilionoid legumes (Fig. 1B; Sprent, 2001). Nuclear 
calcium spiking in response to rhizobial LCOs has also been shown in a variety of 
legumes (Granqvist et al., 2015). However, root hair curling is not universal: in some 
legume lineages, such as the genistoid and dalbergioid clades, nodule bacteria enter 
through the middle lamellae between intact root epidermal cells (Fig. 1B; Sprent, 2001). 
Other lineages, such as the aeschynomenoid genera Stylosanthes and Arachis, are 
infected through cracks in the epidermis, such as where lateral roots emerge (Fig. 1B; 
Sprent, 2001). The diversity of infection mechanisms, with multiple convergent 
derivations and reversions (Fig. 1B), suggest that these traits may be fairly labile, and 
morphology and development may relate more to environmental and ecological pressures 
than phylogenetic origin (Sprent & James, 2007).  
 
The Diversity of IT Formation 
 In M. truncatula, microtubule rearrangements form the PIT, with a set of 
cytoplasmic bridges across the cortex, leading to the dividing inner cortical cells of the 
nodule primordium (van Brussel et al., 1992; Yang et al., 1994; Timmers et al., 1999). 
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As the IT proceeds to grow through the cortical PIT, microtubules accumulate around it 
and particularly around the cytoplasmic bridges between PIT cells (Timmers et al., 
1999), with synthesis of cellulose microfibrils and targeting of pectin-containing vacuoles 
concentrating around the IT apex (Brewin, 2004). Rhizobia growing in the lumen of the 
IT are enmeshed in a matrix of plant-derived glycoproteins including Root Nodule 
Extensin; as the IT continues to grow, older parts of the IT matrix transition from fluid to 
solid state through hydrogen peroxide-mediated protein cross-linking (Rathbun et al., 
2002; Brewin 2004).  
Transcellular IT formation likely represents the ancestral condition in legumes 
and is widely distributed, including in mimosoids and basal lineages such as 
Chamaecrista that may represent independent origins of nodulation (Fig. 1B; Sprent, 
2001; Doyle, 2011). IT formation is a trait independent of root hair curling; in species in 
the Milletteae, a transcellular IT forms in cortical cells after non-root-hair (atrichoblastic) 
epidermal infection (Cordeiro et al., 1996; Sprent, 2001). Epidermal bacterial entry with 
no transcellular IT is common in the dalbergioid and genistoid lineages, though 
extracellular components similar to ITs surround rhizobia as they pass between cells (Fig. 
1B; Sprent, 2001; Brewin, 2004; Sprent & James, 2007). In legumes with transcellular 
ITs, uninfected cells are found in the nodule along with infected cells (Sprent, 2001). In 
the aeschynomenoid genera Stylosanthes and Arachis (which are infected through crack 
entry), no transcellular IT forms, and determinate nodules with uniformly infected tissues 
arise from infected cortical cells (Lavin et al., 2001). 
In most legumes, rhizobia are endocytosed into legume nodule cells to form 
bacterioids surrounded by a peribacterioid membrane (symbiosomes) in enlarged, 
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polyploid nodule cells (Fig. 1B; Sprent, 2001). However, the basal genus Chamaecrista 
(Cassieae) and the papilionoids Hymenolobium and Andira (Dalbergieae), as well as 
Cyclolobium, Poecilanthe and Dahlstedia (Milletteae) retain rhizobia in modified ITs 
called “fixation threads” (Fig. 1B; Naisbitt et al., 1992; Sprent, 2001; Capoen et al., 
2005; Limpens et al., 2005; Sprent, 2007). 
 
Nodule Morphology and Development 
 Indeterminate nodules with an apical meristem are the ancestral condition in 
legumes, and all mimosoid and the former “caesalpinoid” legumes have these types of 
nodules (Fig. 2.2; Doyle, 1998; Sprent, 2001; Sprent, 2007). As an indeterminate nodule 
grows (in both legumes and non-legumes), there is a gradation in bacterial activity, with 
cells being infected nearest the meristem (infection zone), followed by an area where 
nitrogen-fixation occurs (fixation zone), and finally a senescent zone where cells die (Fig. 
2.1, 2.2; Sprent, 2001; Pawlowski & Sprent, 2008; Pawlowski & Demchenko, 2012). 
The determinate nodule is a derived character with multiple independent origins 
in papilionoid legumes, having arisen in the dalbergioid lineage, the desmodioid lineage, 
and the Loteae (Fig. 1B; Doyle, 1998; Sprent, 2007). Amongst determinate nodules, the 
major distinction is between the “desmodioid” nodules (with lenticels) found in the 
Phaseoleae, Desmodieae, and Psoraleae and the “aeschynomenoid” nodules (without 
lenticels) found in dalbergioid and genistoid legumes. Desmodioid nodules export 
nitrogen as ureides in the phaseoloids and as amides in the Loteae (Sprent & James, 
2007). 
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There is also variation in the organogenesis of nodules in different legumes; in 
most lineages that form determinate nodules, the nodule primordium is derived from 
outer cortical cells, whereas indeterminate nodules are generally formed from inner 
cortical cells (Gualtieri & Bisseling, 2000). In M. truncatula, inner cortical cell divisions 
occur as the PIT forms; however, in Phaseolus vulgaris and Glycine max (which bear 
determinate, desmodioid nodules), the first cells to divide are in the hypodermis, directly 
beneath the root hair (Taté et al., 1994; Calvert et al., 1984; Brewin 2004). In L. 
japonicus (also bearing determinate, desmodioid nodules), the first divisions occur in the 
middle cortex (Szczyglowski et al., 1998). 
 
2.2 Nodulation in non-Legumes 
Non-legume nodules show several consistent differences from legume nodules 
(Fig. 2.1, 2.2) (for reviews, see Hirsch & LaRue, 1997; Pawlowski & Sprent, 2008; 
Pawlowski & Demchenko, 2012). The IT in actinorhizal lineages differs from that in 
legumes in that there is no Infection Thread Matrix, and the Frankia hyphae are in direct 
contact with the IT wall (Pawlowski & Demchenko, 2012). In infected cells, Frankia are 
retained in primary cell wall material similar to the “fixation thread;” no actinorhizal 
species endocytose bacteria into symbiosomes, as most legumes do (Berg, 1999a,b; 
Pawlowski & Demchenko, 2012). It has been suggested that legume nodules 
developmentally resemble a shoot, while actinorhizal nodules resemble a root (eg, 
Franche et al., 1998a; Doyle, 1998; Laplaze et al., 2000; Pawlowski & Sprent, 2008). 
While the nodule primordium in legumes is formed from cell divisions in the root cortex 
and has peripheral vasculature like a stem, in actinorhizal species the nodule is formed 
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from the pericycle and has a central vasculature, like a lateral root (Laplaze et al., 2000; 
Pawlowski & Sprent, 2008). All non-legume nodules are indeterminate, while many 
legume clades have determinate nodules (Pawlowski & Sprent, 2008).  
However, non-legume nodules also show substantial variation in morphology (Fig 
2.2). Infection mechanism is determined by the host species, and varies across lineages. 
The same Frankia strain (HFPGpI1) infects Gymnostoma (Casuarinaceae) intracellularly 
through deformed root hairs and Shepherdia (Elaeagnaceae) intercellularly through the 
middle lamella of epidermal cells (Racette & Torrey, 1989).  
The only non-legume nodulator that associates with rhizobia is the genus 
Parasponia, in the Cannabaceae family of the Rosales (Lancelle & Torrey, 1984). In 
Parasponia, rhizobia enter through cracks in the epidermis subjacent to the formation of 
multicellular root hairs, and are not endocytosed into symbiosomes but rather form 
fixation threads (Fig. 2.1; Lancelle & Torrey, 1984). Despite being nodulated by rhizobial 
bacteria, species in Parasponia show a similar organogenetic program to actinorhizal 
nodulators, with the nodule arising from pericycle cells and a prenodule arising from 
cortical cell divisions (Fig. 2.1; Lancelle & Torrey, 1985; Laplaze et al., 2000).  
In actinorhizal species in the Fagales (Betulaceae, Casuarinaceae and 
Myricaceae), Frankia infect through root hair deformation (curling or branching) and an 
IT through the cytoplasmic bridges of a PIT, similarly to intracellularly infected legumes 
(Fig. 2.2, Berg, 1999; Berg, 1999b; Laplaze et al., 2000). Frankia hyphae enveloped in 
IT can cross from one infected cell to another (Berry & Sunell, 1990; Berg, 1999a,b). 
Outer cortical cell divisions lead to protuberances called “prenodules,” which do not form 
nodules and are distinct from the nodule primordia formed from pericycle cells (Fig 1A; 
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Laplaze et al., 2000; Pawlowski & Sprent, 2008). Frankia infect the prenodule first, and 
then the nodule primordium; both plant nodulation genes such as the subtilase CG12 and 
Frankia genes nifH are expressed in prenodule tissues, indicating that nitrogen fixation 
takes place in the prenodule (Franche et al., 1998a; Laplaze et al., 2000). Gualtieri & 
Bisseling (2000) pointed to the cortical cell divisions of the prenodule as a possible 
homology between actinorhizal nodulation Fagales and rhizobial nodulation in legumes, 
though the prenodule does not ultimately become a nodule.  
In actinorhizal species in the Rosales, Frankia infect intercellularly through the 
middle lamella of epidermal cells (Racette & Torrey, 1989; Berry & Sunell, 1990; Liu & 
Berry, 1991; Hirsch & LaRue, 1997; Berg, 1999; Laplaze et al., 2000). IT-like material is 
deposited in the apoplastic space only after vascular differentiation has occurred in the 
nodule primordium, and Frankia infect the nodule primordium from this space instead of 
through “invasive hyphae” enveloped in a transcellular IT (Berry & Sunnell, 1990). The 
plasma membrane of each infected cell invaginates to form new fixation threads in each 
infected cell, though invasive hyphae have been occasionally observed to cross from one 
infected cell to another, as in Ceanothus (Rhamnaceae) (Berry & Sunnell, 1990; Liu & 
Berry, 1991; Berg, 1999a,b). In the majority of actinorhizal Rosales, no prenodule is 
formed; in lineages where a prenodule does arise from cortical cells, such as Ceanothus 
(Rhamnaceae), it is not infected by Frankia (Liu & Berry, 1991; Hirsch & LaRue, 1997). 
 Infection mechanism in the Cucurbitales has not been examined in detail due to 
their unculturable strain of Frankia symbiont, but infection has been observed to proceed 
through epidermal cells and intercellularly (Berg, 1999; Pawlowski & Demchenko, 
2012). In actinorhizal Cucurbitales, invasive hyphae enveloped in IT do infect 
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transcellularly, but are not preceded by a PIT as in the Fagales (Berg, 1999a; Pawlowski 
& Demchenko, 2012). Infected cells are multinucleate (Calvert et al., 1979), and are 
separated from uninfected cells by the stele (Akkermans & Van Dijk, 1981; Swensen, 
1996).  
 Nitrogen fixation by nitrogenase requires significant ATP, best provided by 
aerobic respiration, but nitrogenase is denatured by oxygen, posing the so-called “oxygen 
dilemma” (Shah & Brill 1977; Pawlowski & Demchenko, 2012). This issue is somewhat 
less critical in actinorhizal nodules, due to the oxygen-protective vesicles formed by 
Frankia (Pawlowski & Demchenko, 2012). In legumes, the vascular system of the nodule 
is embedded in nodule parenchyma tissue surrounding the nodule and forms a turgor-
controlled O2 barrier, while actinorhizal nodules are surrounded by periderm, and the 
vascular system runs through the center of the nodule (Fig 2.1, 2.2; Sprent, 2001; 
Pawlowski and Sprent, 2008; Pawlowski & Demchenko, 2012). Oxygen levels are 
regulated through lenticels in some actinorhizal lineages such as Alnus, Coriaria and 
Datisca (Torrey, 1976; Tjepkema, 1978). Other lineages, such as Casuarina, form lobes 
(called “nodule roots”) that grow agravitropically and develop air chambers to facilitate 
oxygen diffusion (Silvester et al., 1990; Franche et al., 1998a). Hemoglobins regulate 
oxygen levels in the nodules of legumes as well as actinorhizal nodulators, though the 
concentrations vary and these two groups use hemoglobins from different gene lineages 
(Tjepkema 1983; Roberts et al., 1985; Pawlowski & Bisseling, 1996; 




2.3 Genetic Basis of Nodulation 
LCO reception 
In model papilionoid legumes, the first step of infection is the plant perception of 
LCO signals by Lysin-motif receptor kinases (LysM-RKs) such as LjNFR1/LjNFR5 in L. 
japonicus and their orthologs MtLYK3/MtNFP in M. truncatula (Table 2.1, Fig. 2.3; 
Limpens et al., 2003; Madsen et al., 2003; Zhang et al., 2009; De Mita et al., 2014). 
These LysM-RKs are not required for AM and are upstream of the CSSP, though they are 
likely paralogous to LysM-RKs involved in AM symbiosis. LysM receptor structure 
determines nod factor specificity and thus symbiont recognition: M. truncatula 
transformed to express L. japonicus LjNFR1 and LjNFR5 will form nodules with 
Mesorhizobium loti, the symbiont of L. japonicus, with which wildtype M. truncatula 
will not nodulate (Radutiou et al., 2007). Nod factors directly bind to LysM-RKs, and 
specificity is determined by the LysM2 domain of LjNFR5 (Bensmihen et al., 2011; 
Broghammer et al., 2012). 
LysM receptor kinases in the LYK family have expanded in number due to 
retention after successive rounds of whole-genome, segmental and tandem duplication in 
flowering plants (Arrighi et al., 2006; Zhang et al., 2009; De Mita et al., 2014), yielding 
three major LysM-RK clades supported by exon structure, kinase domain conservation 
and sequence phylogeny (Lohmann et al., 2010). The clades containing LjNFR5 and 
LjNFR1 diverged from one another in a whole genome duplication event before the 
divergence of monocots and eudicots (Zhang et al., 2009; De Mita et al., 2014), with 
multiple subsequent tandem duplications in each clade yielding multiple paralogs (Zhang 
et al., 2009; De Mita et al., 2014). LysM-RKs determine symbiont specificity in legumes 
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(Radutoiu et al., 2007), and their proliferation and divergence may have allowed these 
paralogous receptors to expand host range and coevolve with different symbionts 
(Michelmore & Meyers, 1998; Op den Camp et al., 2011). While the LjNFR1 (MtLYK3) 
and LjNFR5 (MtNFP) clades are under purifying selection, two clades paralogous to 
LjNFR5 are undergoing diversifying selection (Zhang et al., 2007).  
NFR5 was likely recruited for nodulation from a LysM-RK mediating 
mycorrhization; orthologs are present in many non-nodulating lineages (Zhu et al., 2006) 
and induced during mycorrhization (Gomez et al., 2009). However, recently it has been 
shown that NFR5/MtNFP is pseudogenized in multiple lineages in the Rosales, including 
Malus domestica, Morus notabilis, Trema levigata, and Prunus persica (van Velzen et 
al., 2018).  The NFR5 clade underwent one legume-specific duplication, with several 
subsequent tandem duplications in different legume lineages (Zhang et al., 2007; Streng 
et al., 2011; De Mita et al., 2014). In Parasponia andersonii, a LysM-RK orthologous 
with NFR5 (PaNFP2) was found by RNAi to mediate both nodulation and AM (Op den 
Camp et al., 2011; Streng et al., 2011), though this finding may have been the result of 
RNAi inhibition of the paralogous gene PaNFP1 (van Velzen et al., 2018).  
In contrast, NFR1 was likely recruited from innate immune pathway - the NFR1 
clade is sister to CERK1, a LysM-RK gene clade involved in pathogen response (Kaku et 
al., 2006; De Mita et al., 2014). In Arabidopsis thaliana, AtCERK1 is a LysM-RK 
involved in chitin perception for innate immunity against fungal pathogens (Miya et al., 
2007; Zhang et al., 2009; Nakagawa et al., 2011). In Oryza sativa OsCERK1 mediates 
chitin-triggered immune responses in a heterocomplex with the LysM-containing protein 
CEBiP (Kaku et al., 2006; Shimizu et al., 2010). Fascinatingly, OsCERK1 also mediates 
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AM symbiosis, suggesting several functions for this chitin receptor in hetercomplexes 
with other receptor kinases, or several neofunctionalization and subfunctionalization 
events for different symbiotic functions across the plant phylogeny (Miyata et al., 2014). 
A chimeric receptor with the extracellular region of NFR1 and the intracellular region of 
CERK1 does not rescue nodulation in deficient nfr1-4 L. japonicus mutants, showing that 
the CERK1 intracellular signaling differs from NFR1 despite high levels of homology in 
the proteins (Nakagawa et al., 2011). Introducing three amino acids from (YAQ) from the 
NFR1 EF/F loop to this chimeric protein is sufficient to restore the nodulation phenotype 
(Nakagawa et al., 2011).  
 
CSSP: Nuclear Calcium Spiking 
Nuclear calcium spiking is a critical step in the CSSP, leading to the expression of 
several downstream transcription factor genes involved in nodule and arbuscule 
induction. The SYMRK kinase domain interacts with the mevalonate synthase HMGR1 
to initiate nuclear calcium spiking in response to rhizobial and AM fungal LCOs 
(Venkateshwaran et al., 2015), and with the transcription factor SIP1, which is also 
required for nodulation and AM and induces expression of downstream transcription 
factor genes such as NIN (Kevei et al., 2007; Zhu et al., 2008; Wang et al., 2013). 
SYMRK is necessary for both nodulation (actinorhizal and rhizobial) in the NFC and AM 
colonization across angiosperms, and is generally considered the starting point of the 
CSSP, meaning that this single-copy ortholog gained a new function to accommodate 
nodulation (Table 2.1; Stracke et al., 2002; Radutiou et al., 2003; Kistner et al., 2005; 
Markmann et al., 2008; Gherbi et al., 2008). 
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MtMCA8, a calcium pump in the SERCA-type family, calcium channel 
MtCNGC15 and potassium channels LjCASTOR (MtDMI1) and LjPOLLUX are all 
required for calcium spiking (Table 1, Fig. 2; Ané et al., 2004; Chen et al., 2009; Capoen 
et al., 2011; Charpentier et al., 2016). Nuclear pore proteins NUP85, NUP133 and NENA 
form a complex required for symbiotic calcium spiking in a temperature-dependent 
fashion, possibly by helping locate ion channels and pumps on the inner nuclear 
membrane (Kanamori et al., 2006; Saito et al., 2007; Groth et al., 2010; Oldroyd, 2013).  
Nuclear calcium spiking is perceived by the calcium- and calmodulin-dependent 
serine/threonine protein kinase LjCCAMK (MtDMI3) (Table 1; Fig. 2; Lévy et al., 2004; 
Mitra et al., 2004), through complex conformational changes (Shimoda et al., 2012; 
Miller et al., 2013; Poovaiah et al., 2013). Activated CCAMK interacts with and 
phosphorylates the LjCYCLOPS (MtIPD3) transcription factor, and this interaction is 
required for both nodulation and AM formation, as part of the CSSP (Table 1; Messinese 
et al., 2007; Yano et al., 2008; Madsen et al., 2010; Horvath et al., 2011). L. japonicus 
mutants with autoactive CCAMK spontaneously form nodules in the absence of rhizobia; 
double mutants with autoactive CCAMK and cyclops loss-of-function fail to form IT, 
suggesting that CYCLOPS is required for cross-signaling between the organogenesis and 
IT formation pathways (Madsen et al., 2010; Singh et al., 2014).  
 Downstream of nuclear calcium spiking, several transcription factor genes are 
induced in a complex cascade that is still not fully understood (Limpens & Bisseling, 
2014; Soyano & Hayashi, 2014; Gamas et al., 2017). Phosphorylated CYCLOPS induces 
the expression of NIN, a transcription factor involved in IT and nodule formation (Singh 
et al., 2014; Soyano & Hayashi, 2014). NIN induces the expression of the CCAAT-box 
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binding transcription factors NF-YA1, NF-YB1 and NF-YC1, which form a 
heterotrimeric complex with each other, involved in cortical cell divisions and IT 
formation (Soyano et al., 2013; Battaglia et al., 2014; Singh et al., 2014; Soyano & 
Hayashi, 2014). The NF-YA1 (MtHAP2-1) is involved in cortical cell divisions and the 
formation of the nodule meristem (Combier et al., 2006; Laloum et al., 2013). The GRAS 
domain transcription factor genes NSP1 and NSP2 are both required for nodulation 
(Oldroyd & Long, 2003; Kalo et al., 2005; Smit et al., 2005; Singh et al., 2014). These 
genes form a heterocomplex during nodulation to associate with Nod-factor inducible 
promoters (Hirsch et al., 2009), including NIN and the additional transcription factor 
ERN1 (Cerri et al., 2012) that are essential for nodulation (Marsh et al., 2007; Middleton 
et al., 2007). The activation of CCAMK and its phosphorylation of the CYCLOPS 
transcription factor is required for IT and nodule initiation, as is cytokinin signaling 
mediated through the cytokinin receptor LHK1 (Madsen et al., 2010).  
For the most part, CSSP genes are inherited as single-copy orthologs that mediate 
both AM and nodulation (Duc et al., 1989; Messinese et al., 2007; Banba et al., 2008; 
Wang et al., 2010; Delaux et al., 2013b; Delaux et al., 2015). The CSSP is required for 
the AM symbioses across land plants; MtDMI1 (LjCASTOR), MtDMI3 (LjCCAMK) and 
MtIPD3 (LjCYCLOPS) have been found in nearly all major land plant lineages (Wang et 
al., 2010). The recruitment of CSSP genes for nodulation did not involve gene 
duplication (with exceptions like the paralogous CASTOR and POLLUX), so recruitment 
for nodulation involved expansion of function (Markmann et al., 2008), instead of 
neofunctionalization or subfunctionalization of paralogs. As a result, CSSP mutants are 
deficient in both AM and nodulation (Duc et al., 1989; Parniske, 2008). L. japonicus 
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castor, symrk, nup133, mutants are impaired in their ability to form nodules or arbuscules 
(Kistner et al., 2005). In M. truncatula, ccamk mutant are impaired in nodulation and 
AM, and RNAi silencing of MtMCA8 and HMGR1 blocks nuclear calcium spiking in 
response to AM and rhizobial LCOs (Lévy et al., 2004; Capoen et al., 2011; 
Venkateshwaran et al., 2015).  
 This raises two related questions (Markmann et al., 2008; Bonfante & Requena, 
2011; Genre & Russo, 2016). First, if the CSSP is present across land plants, how is it 
that nodulation only evolved in the NFC? Second, how can a single signaling pathway 
(the CSSP) discriminate between rhizobia and glomeromycetes to create different 
downstream phenotypes (IT and nodule for nod factors, or pre-penetration apparatus and 
arbuscule for myc factors)? These questions are related through signal transduction 
“bandwidth.” In order for the single-copy orthologs of the CSSP to be successfully 
recruited for nodulation while maintaining AM functionality (as most nodulators do, with 
a few exceptions like Lupinus), the pathway must be able to discriminate between the two 
signals to induce different downstream genes associated with nodulation or AM. The first 
question has been approached most thoroughly using SYMRK as a case study and the 
second using CCAMK. Both genes have been the focus of much work on the evolutionary 
origin of nodulation, and are perhaps the most extensively studied CSSP genes in 
actinorhizal lineages (Markmann et al., 2008; Gherbi et al., 2008; Wang et al., 2010; 
Svistoonoff et al., 2013).  
Like most CSSP genes, SYMRK (MtDMI2) is required for the AM symbiosis and 
is present across land plants, and is present as a single-copy ortholog required for both 
nodulation and AM in nodulating lineages (Kistner et al., 2005; Delaux et al., 2013b; 
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Delaux et al., 2015). Unlike the upstream LysM-RKs, SYMRK is not involved in 
symbiont specificity, as shown by complementation between M. truncatula and L. 
japonicus, but is required for signal transduction from LCO signal to nuclear calcium 
spiking (Kistner et al., 2005; Markmann et al., 2008). Domain gains in SYMRK have 
been proposed to contribute to a genetic predisposition to evolve nodulation; the single-
copy SYMRK ortholog varies substantially in domain architecture in different angiosperm 
lineages, having three leucine-rich repeats in eurosids and two outside the eurosids 
(Markmann et al., 2008). The “full-length” (three leucine-rich repeats) SYMRK ortholog 
from the non-nodulating Tropaeolum can rescue nodulation in mutant L. japonicus, 
whereas the “reduced-length” (two LRR’s) copy of O. sativa and Solanum lycopersicum 
rescues AM but not nodulation (Markmann et al., 2008). However, these gains are 
specific to all eurosids, and not only the NFC, so could not completely explain the NFC-
specific predisposition to nodulate (Markmann et al., 2008). A similar pattern is seen in 
DMI3/CCAMK; DMI3 homologs from some bryophytes can rescue AM, but not 
nodulation, in M. truncatula dmi3 mutants (Wang et al., 2010). However, other CSSP 
orthologs show complete functional equivalence; Oryza sativa cyclops mutants cannot 
form AM, and functional CYCLOPS from rice can restore nodulation in L. japonicus, 
suggesting functional conservation of CYCLOPS (Yano et al., 2008).  
 There are no detectable differences in nuclear calcium spiking pattern between 
AM and nodulation symbioses (Sieberer et al., 2012; Oldroyd, 2013; Singh et al., 2014). 
However, the downstream transcription factor genes induced by nuclear calcium spiking 
are different, and this induction requires the interaction of CCAMK and CYCLOPS 
(Madsen et al., 2010; Soyano & Hayashi, 2014; Singh et al., 2014). Shimoda et al. (2012) 
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showed that a mutation in the calmodulin-binding domain of CCAMK in L. japonicus 
suppressed CCAMK activation in rhizobial infection but not in mycorrhization, 
suggesting that differential calmodulin binding might partially account for discrimination 
between nodulation and AM. However, the lily ortholog of the CCAMK can restore the 
nodulation phenotype in nod-deficient M. truncatula ccamk mutants, and the rice 
ortholog of CCAMK (OsCCAMK) can rescue nodulation in nod-deficient L. japonicus 
ccamk mutants (Gleason et al., 2006; Banba et al., 2008). The GRAS transcription factor 
NSP2 in interacting with RAM1 during mycorrhization and NSP1 during nodulation may 
also play a role in differentiating the two symbioses (Hirsch et al., 2009; Maillet et al., 
2011; Gobbato et al., 2012).  
The differential action of transcription factors downstream of the CSSP, such as 
nodulation-specific NIN and the NF-Y complex, likely plays a role in signal 
differentiation (Oldroyd, 2013). It’s also possible that, in addition to or instead of 
sequence evolution in CSSP genes, as-yet unidentified proteins (or other molecules) act 
to differentiate the two signals. The origin of genes underlying such a mechanism, 
possibly through duplication and neofunctionalization, could account for the NFC 
predisposition to nodulate, though no evidence for this exists yet. Finally, rhizobia and 
glomeromycetes have different infection mechanisms, with rhizobia generally entering 
through root hairs and glomeromycetes entering through epidermal tissue (atrichoblasts); 
Genre & Russo (2016) propose that these spatial differences may contribute to signal 
differentiation. However, this would not explain signal differentiation in lineages in 
which nodulating bacteria infect through epidermal cells, as in genistoid and dalbergioid 
legumes, or actinorhizal Rosales or Cucurbitales. 
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 IT and Symbiosome Formation 
Downstream of induction of NIN, NF-Y complex and GRAS transcription factors, 
NAP1 and PIR1 (both members of the SCAR/WAVE complex) are required for actin 
cytoskeleton rearrangements during IT formation (Yokota et al., 2009). Even with 
constitutively activated CCAMK, PIR1, CERBERUS and NAP1 are all required for 
proper infection thread progression (Madsen et al., 2010). MtLIN (LjCERBERUS) and 
VAPYRIN are required for proper IT formation (Kuppusamy et al., 2004; Kiss et al., 
2009; Yano et al., 2009; Pumplin et al., 2010; Murray et al., 2011). Both M. truncatula 
lin-4 (cerberus) mutants and vapyrin mutants fail to form IT and, interestingly, form 
nodules with a central vasculature more similar to non-legume nodules (Guan et al., 
2013). Subtilases, a class of protease, are also induced during both AM and nodulation; 
In L. japonicus, the subtilases LjSBTS and LjSBTM4 are required for proper IT formation 
and nodulation as well as arbuscule formation (Kistner et al., 2005; Takeda et al., 2009). 
These genes localize to the apoplastic space surrounding growing ITs and nodules, and 
likely play a role in cell wall restructuring in the IT and symbiosome (Takeda et al., 
2009). 
In legumes in which rhizobia are endocytosed into intracellular bacterioids 
(including M. truncatula and L. japonicus), the formation of the infection droplet is 
mediated by exocytotic pathway proteins called SNAREs (soluble N-ethylmaleimide 
sensitive factor attachment protein receptor); t-SNAREs (such as syntaxins) attach to the 
target membrane while v-SNAREs (such as the VAMP72 family in plants) attach to the 
vesicle membrane, forming a complex (Kwon et al., 2008; Ivanov et al., 2012). 
Interestingly, these genes are also required for the formation of the periarbuscular 
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membrane in AM (Ivanov et al., 2012). The syntaxin MtSYP132 is a t-SNARE that 
localizes specifically to the membrane surrounding ITs, infection droplets and 
symbiosomes in M. truncatula during infection by Sinorhizobium meliloti (Catalano et 
al., 2007; Limpens et al., 2009). The v-SNARE VAMP721e/VAMP721d is required for 
nodule and arbuscule formation in M. truncatula (Ivanov et al., 2012). RNAi silencing of 
VAMP721e and VAMP721d blocks symbiosome and arbuscule formation, and infection 
droplets are greatly reduced and deformed (Ivanov et al., 2012).   
The genes involved in IT formation were recruited from both the AM pathway 
and other pathways such as lateral root development, creating a novel developmental 
program for IT formation with a mosaic evolutionary history (Yokota & Hayashi, 2011; 
Soyano & Hayashi, 2014). NIN is not involved in AM or a part of the CSSP; nin mutants 
of L. japonicus, M. truncatula, and Pisum sativum have disrupted IT and nodule 
formation, but no disruption of AM infection (Table 1; Schauser et al., 1999; Borisov et 
al., 2003; Marsh et al., 2007). NIN and the related NIN-like proteins (NLPs) are 
widespread in angiosperms; NLP7 mediates gene expression changes due to nitrate 
signaling in A. thaliana (Schauser et al., 2005; Soyano & Hayashi, 2014). Recently it was 
shown that NIN is pseudogenized in multiple non-nodulating lineages in the Rosales, 
including Malus domestica, Morus notabilis, Trema levigata, and Prunus persica (van 
Velzen et al., 2018).  
Overexpression of the NF-Y complex induces lateral root formation, and NF-YC1 
interacts with the GRAS protein SIN1 during both nodulation and lateral root 
development (Battaglia et al., 2014). These data suggest that NF-Y genes were recruited 
from a lateral root pathway, and indeed the large NF-Y (CCAAT-box binding) 
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transcription factor family includes several homologs identified as being involved in 
lateral root formation (Soyano et al., 2013; Laloum et al., 2013; Soyano & Hayashi, 
2014).  The v-SNAREs and t-SNAREs involved in bacterial endocytosis are related to 
genes involved in microbial pathogen defense (Kwon et al., 2008; Ivanov et al., 2012). 
The genes NAP1 and PIR1, involved in cytoskeletal rearrangement during IT formation, 
are also not involved in AM; IT-deficient L. japonicus mutants such as pir1 and nap1 
form AM associations (Albrecht et al., 1999; Yokota et al., 2009; Yokota & Hayashi, 
2011).  
 The evolutionary origin of the PIT and IT did also involve the recruitment of 
genes involved in the AM symbiosis (Journet et al., 2001; Brewin, 2004; Balestrini & 
Bonfante, 2005; Takeda et al., 2009). AM fungi (glomeromycetes) that infect 
intracellularly (Parish type) are directed to the site of arbuscule formation by transcellular 
bridges of the “pre-penetration apparatus,” similarly to the PIT (Harrison 1997; Genre et 
al., 2008). The formation of the IT and the pre-penetration apparatus both direct 
microsymbionts to involve the directed deposition of the plant cell wall-derived materials 
around the microsymbiont, and there are a few common genes underlying the two. For 
example, the GRAS transcription factor NSP1 and NSP2 are required for nodulation and 
also involved in AM, though the heterocomplexes they form are different in the two 
symbioses (Maillet et al., 2011; Oldroyd 2013; Shtark et al., 2016). The orthologs of 
these genes from Oryza sativa can rescue nodulation in L. japonicus nsp1 and nsp2 
mutants, showing functional conservation in these genes between AM (Yokota et al., 
2009).  
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LjSBTM4, a subtilase required for AM and also induced during nodulation in L. 
japonicus, is in a monophyletic gene lineage with subtilases involved in pathogen defense 
in the asterid Solanum lycopersicum (Taylor & Qiu, 2017). Successive rounds of both 
whole-genome and tandem duplication in the legumes produced paralogs that are 
differentially expressed during AM and nodulation in L. japonicus. Several different 
orthologous gene lineages that diverged during the origin of angiosperms have been 
differentially recruited for nodulation in actinorhizal and legume nodulation. CG12, a 
nodulation-specific subtilase, is expressed only in IT-containing cells in Casuarina 
glauca, and also in transgenic legumes, indicating conservation in transcriptional 
regulation (Svistoonoff et al., 2003; Svistoonoff et al., 2004). However, CG12 and its 
ortholog AG12 from Alnus glutinosa are in a different orthologous lineage from LjSBTM4 
and LjSBTS, the subtilases induced during nodulation in L. japonicus (Takeda et al., 
2009; Taylor & Qiu, 2017).   
 The IT and pre-penetration apparatus of AM are both derived from primary cell 
wall materials, including b-1,4-glucans, non-esterified homogalacturonans, xyloglucans, 
hydroxyproline-rich glycoproteins, and arabinogalactans (Bonfante, 2001; Balestrini & 
Bonfante, 2005). Many of the “early nodulin” genes induced by LCOs encode 
arabinogalactans and hydroxyproline-rich glycoproteins that constitute primary cell wall 
material laid down in the lumen of the IT during infection (Cassab, 1998; Rathbun et al., 
2002; Brewin, 2004). In M. truncatula, MtENOD11, which encodes a cell wall repetitive 
proline-rich protein, is induced during both early nodulation and pre-penetration 
apparatus formation and cortical cell colonization during AM, though this gene is also 
expressed in a variety of cell types involved in metabolite exchange or cell structural 
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changes (Journet et al., 2001; Chabaud et al., 2002). It is likely that the particular genes 
recruited vary across different independent origins of nodulation. In actinorhizal nodules, 
Frankia is never fully released into the cytoplasm of nodule cells, instead being 
encapsulated in plant-cell derived material made primarily of pectins and non-sulfated, 
de-esterified polygalacturonic acids (Lalonde & Knowles, 1975; Franche et al., 1998a). 
 
2.4 The Evolutionary Origins of Nodulation 
Phylogenetic Distribution of Nodulation Genes in Nodulating Lineages 
The recruitment of genes from the ancestral CSSP for nodulation has been most 
thoroughly examined in the legumes, and specifically the model papilionoids M. 
truncatula and L. japonicus (Catoira et al., 2000; Kistner et al., 2002; Kistner et al., 
2005). However, several lines of evidence show multiple nonlegume nodulating lineages 
also employ genes from the CSSP to form their nodules (Table 1; Gherbi et al., 2008; 
Streng et al., 2011; Pawlowski et al., 2011; Svistoonoff et al., 2013; Svistoonoff et al., 
2014). Nuclear calcium spiking in response to nod factors from Sinorhizobium fredii has 
been observed in P. andersonii (Granqvist et al., 2015; Chabaud et al., 2016). In A. 
glutinosa and C. glauca, calcium spiking in root hairs is induced by exudates from 
Frankia (Granqvist et al., 2015; Chabaud et al., 2016). 
Genetic characterization through RNAi knockdown or mutant complementation 
studies have shown that CSSP genes are required for nodulation in the actinorhizal 
species Datisca glomerata (Markmann et al., 2008), A. glutinosa and C. glauca (Franche 
et al., 2016). In C. glauca, CgSYMRK is necessary for nodulation, and can rescue both 
nodulation and AM in root symbiosis-deficient L. japonicus symrk mutants (Gherbi et al., 
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2008). DgSYMRK is also required for nodulation in D. glomerata, and can rescue both 
nodulation and AM in root symbiosis-deficient L. japonicus symrk mutants (Markmann et 
al., 2008). In C. glauca, CgCCAMK is necessary for nodulation with Frankia, and the 
CgCCAMK from C. glauca can restore both nodulation and AM in M. truncatula ccamk 
mutant lines (Svistoonoff et al., 2013). Further, auto-active CgCCAMK induces 
nodulation in both C. glauca (which is infected intracellularly through root hair curling) 
and Discaria trinervis (Rhamnaceae), a distantly related actinorhizal species infected 
intercellularly (Svistoonoff et al., 2013). In the rhizobial P. andersonii, a LysM-RK and 
CCAMK mediates both nodulation and AM (Op den Camp et al., 2011; Streng et al., 
2011). 
 Transcriptomic studies have shown that several genes induced during nodulation 
in actinorhizal species are homologous to legume nodulation genes. These include both 
CSSP genes recruited from the AM symbiosis, and non-CSSP genes recruited from other 
pathways (Table 1), for example, NIN, SYMREM1, VAPYRIN, CERBERUS, and PUB1 in 
D. glomerata (Demina et al., 2013), SYMREM1, CASTOR, NUP133, CCAMK, CYCLOPS 
and HMGR1 in C. glauca and SYMREM1, SYMRK, CCAMK, NSP1, and HMGR1 in A. 
glutinosa (Hocher et al., 2011; Tromas et al., 2012).  
 Some nodulatio genes outside of the CSSP have also been characterized in non-
legume lineages. NIN has also been recruited for nodulation in actinorhizal lineages; 
RNAi knockdown of NIN expression in C. glauca showed reduced root hair deformation 
and nodulation (but not mycorrhization) (Clavijo et al., 2015). Hemoglobins are found in 
the nodules of legumes as well as actinorhizal nodulators, though the concentrations vary 
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and these two groups use hemoglobins from different gene lineages (Tjepkema 1983; 
Roberts et al., 1985; Pawlowski & Bisseling, 1996; Vázquez-Limón et al., 2012).  
 
Paralogy in Nodulation Genes 
Nodulation is a deeply homologous trait, and the predominant evolutionary story 
in its origins is the repeated independent recruitment of AM genes, and particularly of the 
orthologous genes of the CSSP that render mutants both myc- and nod- deficient (Duc et 
al., 1989; Parniske, 2008; Svistoonoff et al., 2014). For this recruitment of orthologs to 
allow for effective nodulation while still accommodating AM symbioses (as most 
nodulators do, with some exceptions such as Lupinus), the CSSP had to have increased its 
“bandwidth” in the NFC, to be able to discriminate between the two symbionts and 
induce the specific downstream genes required for each symbiosis. Some CSSP orthologs 
from outside the NFC, such as CYCLOPS, can restore nodulation in legume mutants 
(Yano et al., 2008). In other cases non-NFC orthologs, such as SYMRK (Markmann et al., 
2008), or CCAMK/DMI3 (Wang et al., 2010) can recover an AM phenotype but not 
nodulation in the corresponding legume mutants.  
In cases of deep homology, the independent recruitment of orthologous genes for 
a convergent function would be favored over paralogous genes, since these genes are 
more likely than paralogs to have similar function (Kondrashov et al., 2002; Gabaldón & 
Koonin, 2013). However, similarly to the repeated parallel evolution of C4 
photosynthesis by recruitment of the C4 genetic toolkit (Christin et al., 2013), some of 
the homologous genes recruited for nodulation in different lineages are paralogous to one 
another (Vázquez-Limón et al., 2012; Taylor & Qiu, 2017). In the origins of nodulation, 
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these differentially recruited paralogs include LysM-RKs which mediate symbiont 
specificity (Op den Camp et al., 2011; Streng et al., 2011; De Mita et al., 2014), 
subtilases that are involved in restructuring the symbiont membrane interface (Laplaze et 
al., 2000; Takeda et al., 2009; Taylor & Qiu, 2017), and hemoglobins that mediate 
oxygen regulation in the nodules (Vázquez-Limón et al., 2012).  
If genes involved in nodulation in different lineages are orthologous, that does not 
necessarily constitute evidence of homologous inheritance of the trait, since these 
orthologs may have been independently recruited; however, the recruitment of paralogs 
does constitute evidence of independent evolution (Abouheif et al., 1997; Doyle, 2016). 
Indeed, Doyle noted this as early as 1994: 
 
“Only if paralogous, and not orthologous genes were recruited to be nodulins in 
two different plant lineages…could gene trees suggest independent recruitment and hence 
independent origins of nodulation in the two groups” 
 
The independent recruitment of paralogous genes has implications not only for 
the assessment of nodule homology, but also for the phylogenetic distribution of any 
evolutionary “predisposition” to nodulate and the nature of the resulting nodules. The 
phylogenetic depth (and lineage-specific retention) of different paralogous genes could 
determine what precise type of nodule a given plant lineage is predisposed to evolve. The 
hemoglobins expressed in nodules represent an instance of differential recruitment of 
derived paralogs in the independent origins of nodulation. Actinorhizal lineages express 
the (confusingly named) “non-symbiotic” hemoglobins in the nsHb-1 lineage in nodules 
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(Franche et al., 1999b; Vázquez-Limón et al., 2012). The leghemoglobins expressed in 
legume nodules are a distinct paralogous gene clade specific to the legumes, 
differentiated from non-symbiotic hemoglobins (nsHb-1 and nsHb-2) by decreases in the 
size of the N- and C-terminal regions and a hexacoordinate to pentacoordinate transition 
at the heme-Fe (Garrocho-Villegas & Arredondo-Peter, 2008; Gopalasubramaniam et al., 
2008). Both nsHb-1 and leghemoglobins are present in papilionoids, and a hemoglobin 
that is intermediate between leghemoglobin and nsHb-2 is present in the basal legume 
Chamaecrista fasciculata (Gopalasubramaniam et al., 2008; Vázquez-Limón et al., 
2012). 
There is some regulatory convergence between the two lineages of hemoglobins; 
promoter regions of the C. glauca nsHb-1 gene can functionally direct leghemoglobin 
expression in L. japonicus nodules, and likewise the promoter regions of Glycine max 
and P. andersonii can functionally direct nsHb-1 expression in C. glauca and 
Allocasuarina verticillata (Casuarinaceae) (Jacobsen-Lyon et al., 1995; Franche et al., 
1998b). However, the pattern of expression in these transgenic roots is not exactly the 
same as their native hemoglobins; for example, L. japonicus expresses P. andersonii 
nsHB-1 in uninfected cells in the nodule (Franche et al., 1998b; Gualtieri & Bisseling, 
2000). Taken together, these data suggest that cis-regulatory regions remained relatively 
conserved following the duplication of leghemoglobins from the nsHb-1 lineage, and that 
similar trans-acting regulatory genes were recruited for nodulation independently in 
different nodulating lineages. 
 This differential recruitment of paralogs could affect how legume and non-
legume nodules regulate oxygen levels, and may help explain structural differences such 
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as the peripheral vasculature of legume nodules and the central vasculature of non-
legume nodules, or the “nodule roots” of some actinorhizal lineages (Pawloski & Sprent, 
2008). It may also help explain differences in symbionts, as Frankia forms vesicles that 
help regulate oxygen for nitrogen fixation while rhizobia do not; however, the rhizobial 
nodulation of Parasponia complicates this possibility, since it is nodulated by 
Bradyrhizobium but expresses nsHb-1 hemoglobins and has a central vasculature 
(Lancelle & Torrey, 1984; Franche et al., 1998b). Additionally, the subtilases shown to 
be required for nodulation in C. glauca and A. glutinosa are paralogous to those required 
for nodulation in L. japonicus (Taylor & Qiu, 2017). Subtilases are involved in protein 
turnover during IT progression (Laplaze et al., 2000; Takeda et al., 2009). This could be 
related to structural differences in ITs in legumes, in which rhizobia are in direct contact 
with the IT matrix, and those in actinorhizal Fagales, in which there is no IT matrix and 
Frankia is in direct contact with the IT lumen wall (Pawlowski & Demchenko, 2012). 
Paralogs that arose in specific clades after they evolved nodulation might also be 
responsible for derived nodule characteristics in the clades. For example, LysM domain 
receptor kinases mediating Nod-factor reception in L. japonicus (LjNFR1a, LjNFR1b, 
and LjNFR1c) arose by tandem duplication in the papilionoids (Limpens et al., 2003; 
Streng et al., 2011; De Mita et al., 2014). This pattern allowed these paralogous receptors 
to coevolve with different symbionts with less constraint, and could play a role in the 
sophisticated discrimination between symbionts in the papilionoid clade (Michelmore & 
Meyers, 1998; Radutoiu et al., 2007; De Mita et al., 2014). This in turn could help 




Traits are often assembled by the recruitment of different genes from different 
pathways in “modules” (Jacob, 1977), resulting in novel pathways with mosaic 
evolutionary histories. Therefore, it can be appropriate to talk about features of a trait that 
are homologous, or degrees of homology in an organ (Roth, 1984). Discussions of the 
structural homologs of nodules have been ongoing for the better part of a century, 
because of their similarity to many different plant structures (Hirsch & LaRue, 1997). 
Nodules have been variously compared to lateral roots (Nutman, 1948), shoots (Sprent, 
1989), arbuscule of AM (Duc et al., 1989), induction of a wound meristem (Baron & 
Zambryski, 1995), or an organ sui generis (Libbenga & Boyers, 1974). There are 
morphological similarities in root hair response to rhizobial LCOs and invasion by root-
knot nematodes (Weerasinghe et al., 2005). Now, as the genetic basis of nodulation is 
being revealed, we do find that different elements of the nodulation pathway have 
different evolutionary histories (Yokota & Hayashi, 2011; Soyano & Hayashi, 2014). 
 While most identified genes in the nodulation pathway were recruited from the 
AM symbiosis (Parniske, 2008), some were recruited from innate immunity, lateral root 
formation, or even pollen tube development (Yokota & Hayashi, 2011; Soyano & 
Hayashi, 2014). The NF-Y group of transcription factors appears to have been recruited 
from lateral root development (Soyano & Hayashi, 2014). Plant innate immunity involves 
many processes similar to the CSSP, including detecting bacterial and fungal factors and 
remodeling cell wall and cell membrane structures, so it is perhaps unsurprising that 
many genes involved in nodulation, such as LysM-RKs, v-SNAREs, t-SNAREs, and 
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subtilases are related to genes involved in microbial pathogen defense (Kwon et al., 
2008; Nakagawa et al., 2011; Ivanov et al., 2012; Taylor & Qiu, 2017). 
The resulting nodulation pathway has a mosaic evolutionary history, reflecting the 
evolutionary tinkering that built it. As different instances of nodulation are more fully 
genetically characterized, it would not be surprising to find more instances of differential 
recruitment of orthologous, paralogous, and perhaps even unrelated genes mediating 
convergent processes in different lineages. However, common selective pressures arising 
from constraints imposed by the symbiosis bias recruitment towards homologous genes, 
and particularly orthologous genes. 
 
To what degree are nodules homologous? 
Some of the similarities (and differences) seen in different nodulating lineages 
likely reflect physical constraints imposed by the biology of the plant lineage (Wake et 
al., 2011). As a facile example, infection cannot proceed by root hair curling in the 
millettioid legume Lonchocarpus muehlbergianus, which is infected through non-root 
hair epidermal cells, because this species lacks root hairs (Cordeiro et al., 1996). This 
applies on a genetic level as well; the different paralogs recruited for nodulation in 
legumes and non-legumes reflects the genetic material available in different nodulating 
lineages, since the leghemoglobin lineage arose in legumes (Vázquez-Limón et al., 
2012). While most aspects of nodule morphology and developmental appear to be 
determined by the host plant (Racette & Torrey, 1989), the effect of microsymbiont 
metabolism, signaling and effectors also cannot yet be ruled out as causative agents of 
some differences and similarities in nodules. For example, different transporters can be 
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expected to be expressed in the membrane interface in amide- and ureide-exporting 
nodules, though this has not yet been demonstrated (Tajima et al., 2004; Pélissier et al., 
2004).  
Many of the convergences seen in different nodulating lineages likely reflect 
selective constraints imposed by the nature of nodulation. For example, the independent 
recruitment of paralogous hemoglobins in nodulating lineages is likely a response to 
selection posed by the oxygen dilemma of nitrogen fixation. At a certain level, the 
existence of homologous genes specifying and patterning convergent structures under 
such constraints becomes so abstract as to be effectively irrelevant; for example, nodules 
are created by cell division, so homologous genes involved in cell division are highly 
likely to be recruited in parallel in nodule development. Perhaps a reasonable line to draw 
here is whether the knocking out these genes results in the loss of wider functionality (or 
at an extreme, lethality) or whether only nodules themselves and associated structures 
such as arbuscules are disrupted. 
Some elements of nodulation in different lineages are quite similar on a 
developmental level, such as root hair deformation, IT formation and cortical cell 
divisions for the prenodule and nodule primordium, respectively, in the actinorhizal 
Fagales and rhizobial Fabales (Gualtieri & Bisseling, 2000). There are also genetic 
similarities between different nodulating lineages, such as the employment of 
orthologous CSSP genes in all examined nodulating lineages (Svistoonoff et al., 2014). 
However, different instances of nodulation are not simply homologous with one another 
because they are not phylogenetically contiguous, and because there are substantial 
differences in their development (e.g, cortical vs. pericycle origin of nodule primordia) 
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and morphology (e.g, peripheral vs. central vasculature). Thus, these similarities must be 
considered convergences (or parallelisms) in these lineages based on a deeply 
homologous genetic endowment, a process between convergence and common 
inheritance that Abouheif (2008) called “mesoevolution.” 
Homology has been described as “correspondence by the continuity of 
information” (van Valen, 1982). The major evolutionary narrative stemming from the 
genetic characterization of nodulation has been recruitment of the CSSP and other genes 
from the AM symbiosis, and the sequence information in these genes is indeed 
homologous in that it is similar by continuous descent from a common ancestor 
(Parniske, 2008; Markmann et al., 2009). CSSP genes recruited for nodulation in 
different NFC lineages serve the same function in structure or development, but have not 
served that function continuously throughout the phylogeny, so their recruitment 
represents deep homology (Shubin et al., 1997; Abouheif et al., 1997; Doyle, 2013). For 
example, SYMRK in P. andersonii (Rosales), C. glauca (Fagales) and M. truncatula 
(Fabales) is simply homologous as a gene with similar sequence due to continuous 
inheritance, and functioning in signal transduction of LCO signals in root endosymbioses 
in AM (Markmann & Parniske, 2009), but it is deeply homologous, and not simply 
homologous, as a signal transducer of LCO signals from nodulating bacteria, because it 
was independently recruited for this function in these three lineages. 
The origins of nodulation have a complex evolutionary history, showing both 
deep homology and evolutionary tinkering in gene recruitment, and successive rounds of 
lineage-specific gene duplications. The resulting nodule structures have a complex 
phylogenetic distribution of morphologies, developmental programs, and the genes 
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mediating them, frustrating homology analysis. It is in these complexities, though, that 
we can understand the evolution of a complex trait, and the effects of constraining 
selective pressures operating in parallel on different lineages with different evolutionary 
histories. Nodulation represents not only an important symbiosis for global nutrient 
cycling and human agriculture and nutrition, but a fascinating case study in the repeated 
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Table 2.1: Overview of Genes Required for Nodulation. Abbreviations: RNS = Rhizobial Nodulation 
Symbiosis, ANS = Actinorhizal Nodulation Symbiosis, AM = Arbuscular Mycorrhizae. 
Citations: 1. Limpens et al., 2003; 2. Radutoiu et al., 2003; 3. Madsen et al., 2003; 4. Nakagawa et al., 
2011; 5. Stracke et al., 2002; 6. Op den Camp et al., 2011; 7. Chen et al., 2009; 8. Kistner et al., 2005; 9. 
Zhang et al., 2009; 10. Streng et al., 2011; 12. Ané et al., 2004; 13. Capoen et al., 2011; 14. Markmann et 
al., 2008; 15. Gherbi et al., 2008; 16. Saito et al., 2007; 17. Kanamori et al., 2006; 18. Groth et al., 2010; 
19. Lévy et al., 2004; 20. Mitra et al., 2004; 21. Svistoonoff et al., 2013; 22. Endre et al., 2002; 23. 
Messinese et al., 2007; 24. Horvath et al., 2011 25. Pumplin et al., 2010 26. Murray, 2011 27. 
Venkateshwaran et al., 2015; 28. Marsh et al., 2007; 29. Schauser et al., 1999; 30. Borisov et al., 2003; 31. 
Clavijo et al., 2015; 32. Hirsch et al., 2009; 33. Smit et al., 2005; 34. Kaló et al., 2005; 35. Maillet et al., 
2011; 36. Yano et al., 2008 37. Laloum et al., 2013; 38. Ivanov et al., 2012; 39. Laplaze et al., 2000; 40. 
Yokota et al., 2009; 41. Wang et al., 2013; 42. Zhu et al., 2008; 43. Taylor & Qiu, 2017; 44. Shtark et al., 
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Figure 2.2: Distribution of nodulation among Fabales; lineages with nodulating species in red, lineages with no nodulating 
species in black. Phylogenetic relationships and dates modified from LPWG (2017), nodule morphologies and infection 
mechanisms from Sprent (2001). Polygalaceae (includes Suriancaceae, Quillajaceae), Peltophorum (Dimorphandra Group A, 
Tachigali), Phaseoloids (Trifoleae, Demodieae, Psoraleae), Loteae (Coronilleae). Some clades excluded from the figure for 
clarity. IRLC = Inverted Repeat Loss Clade. Clade names in black do not nodulate, clade names in red do nodulate. Fixation 
threads in dalbergioids restricted to Andira and Hymenolobium genera, fixation threads in millettioids restricted to 
Cyclolobium, Dahlstedtia and Poecilanthe genera. Nodule morphology abbreviations: M = meristem, L = lenticel, i.z. = 
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Evolutionary History of Subtilases in Land Plants and Their Involvement in 
Symbiotic Interactions 
3.1 Abstract and Introduction 
Subtilases a family of proteases involved in a variety of developmental processes 
in land plants, are also involved in both mutualistic symbiosis and host-pathogen 
interactions in different angiosperm lineages. We examined the evolutionary history of 
subtilase genes across land plants through a phylogenetic analysis integrating amino acid 
sequence data from full genomes, transcriptomes, and characterized subtilases of 341 
species of diverse green algae and land plants, along with subtilases from 12 species of 
other eukaryotes, archaea and bacteria. Our analysis reconstructs the subtilase gene 
phylogeny, and identifies eleven new gene lineages, six of which have no previously 
characterized members. Two large, previously unnamed subtilase gene lineages that 
diverged before the origin of angiosperms accounted for the majority of subtilases shown 
to be associated with symbiotic interactions. These lineages expanded through both 
whole genome and tandem duplication, with differential neofunctionalization and 
subfunctionalization creating paralogs associated with different symbioses, including 
nodulation with nitrogen-fixing bacteria, arbuscular mycorrhizae, and pathogenesis, in 
different plant clades. This study for the first time demonstrates that a key gene family 
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involved in plant-microbe interactions proliferated in size and functional diversity before 
the explosive radiation of angiosperms. 
 
Introduction 
Subtilisin-like serine proteases (subtilases) of the S8A family are a large group of 
proteases with broad substrate specificity generally involved in protein turnover and 
organ development in land plants (Siezen & Leunissen, 1997; Svistoonoff et al., 2003b; 
Schaller et al., 2012). Subtilases have roles in developmental processes such as lateral 
root development, epidermal differentiation, cuticle formation, and xylem differentiation 
(Neuteboom et al., 1999; Tanaka et al., 2001; Zhao et al., 2000). In addition, subtilases 
have been shown to be involved in a variety of symbiotic interactions, including 
Arbuscular Mycorrhization (AM), nodulation, and pathogenesis (Table 1).  
Despite the wide range of important functions of subtilases in plants, phylogenetic 
relationships in this gene family have not been updated since a phylogenetic study of 
subtilases in the single model organism Arabidopsis thaliana by Rautengarten et al. 
(2005). The availability of sequence data from a wide variety of fully sequenced genomes 
and transcriptomes across the tree of life now makes a much more comprehensive 
phylogenetic reconstruction possible. This not only allows for a more accurate analysis of 
relationships among gene clades but also permit assessment of evolutionary depth of each 
clade by comparison with the species tree. Having these two types of information can 
facilitate evolutionary interpretation of evidence on gene functions obtained from genetic 
and developmental studies. This study uses a phylogeny of 2,441 subtilase sequences 
from across 341 green plants, along with 19 subtilase sequences from 12 species of other 
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eukaryotes, archaea and bacteria, to examine the evolutionary history of this important 
gene family. Because the genetic basis for the evolutionary origin of nodulation is an 
important question with implications for agriculture as well as our understanding of 
convergence in complex symbiotic traits, our interpretation of the phylogeny focuses on 
the recruitment of subtilases to mediate AM and nodulation, two mutualistic symbiotic 
interactions plants form with microbes in their roots.  
 
Subtilases in Root Mutualisms 
 Expression of certain subtilases is induced by activation of the “Common 
Symbiotic” (sym) pathway that mediates the formation of two ecologically and 
economically important mutualisms that plants form with microbes in their roots, AM 
and nodulation with nitrogen-fixing bacteria (Kistner & Parniske, 2002; Kistner et al., 
2005; Parniske, 2008; Gherbi et al., 2008; Hocher et al., 2011; Pawlowski et al., 2011). 
The sym pathway involves the plant perception of lipo-chito-oligosaccharide (LCO) 
signals convergently produced by rhizobial bacteria and AM fungi, engendering 
intracellular calcium spiking in the plant root epidermis (Stracke et al., 2002; Maillet et 
al., 2011). Subsequently, the plant forms a cytoplasmic bridge, called the “infection 
thread” for nodulation and “pre-penetration apparatus” for AM, that guides the microbial 
symbiont to the site of symbiosome or arbuscule formation (Szczyglowski et al., 1998; 
Genre et al., 2005; Kistner et al., 2005; Parniske, 2008). Subtilase genes in the sym 
pathway are expressed in infected root hair or epidermal cells forming the infection 
thread or pre-penetration apparatus, with proteins secreted in the apoplastic space in the 
symbiotic membrane-membrane interface of the symbiosome or arbsucule, where they 
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are thought to be involved in restructuring the plant membrane surface (Table 1; Laplaze 
et al., 2000; Svistoonoff et al., 2003; Kistner et al., 2005; Takeda et al., 2009).  
Several lines of evidence link subtilases to AM (Table 1). In early expression 
analyses using cDNA probe arrays, expression of OsAM21 (renamed OsSBTM1 by 
Takeda et al., 2011) in Oryza sativa (Güimil et al., 2005) and AW584611 (MtSBTM1) in 
Medicago truncatula (Liu et al., 2003) was found to be induced in root tissues following 
inoculation with AM fungi (Table 1). Histochemical localization showed that the 
subtilases LjSBTM1, LjSBTM3, LjSBTM4, and LjSBTS are localized to the apoplastic 
space in cells forming arbuscules in Lotus japonicus following inoculation with the AM 
fungus Glomus intraradices (Takeda et al., 2009). Suppression of LjSBTM1 and 
LjSBTM3 expression by RNAi decreased arbuscule formation in L. japonicus, 
demonstrating that these subtilases play a role in AM (Table 1, Takeda et al., 2009).  
Spatial expression data in legumes also implicates subtilases in the formation of 
nodules with rhizobial bacteria (Table 1; Kistner et al., 2005; Takeda et al., 2009). 
Expression of LjSBTM4 and LjSBTS is induced by inoculation with the rhizobial 
bacterium Mesorhizobium loti (Takeda et al., 2009). Histochemical localization showed 
that LjSBTS expression is transiently induced in epidermal cells during early rhizobial 
infection, while LjSBTM4 is induced in both epidermal and cortical cells around the 
infection thread and nodule primordia, as well as in mature nodules (Takeda et al., 2009). 
A recent RNA-seq study conducted as part of the Expression Atlas project (Kapushesky 
et al., 2009) showed that exposure to LCO signals from Sinorhizobium meliloti induces 
expression of several subtilases in M. truncatula roots (van Zeijl et al., 2015).  
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Additionally, subtilase expression is induced during nodulation with Frankia 
bacteria in nodulating species in the Fagales and Cucurbitales (Table 1; Ribeiro et al., 
1995; Laplaze et al., 2000; Svistoonoff et al., 2003; Pawloswki et al., 2011). Using GUS 
and GFP reporter gene constructs, Svistoonoff et al. (2003) showed that the subtilase 
gene CG12 is expressed in root hair cells in Casuarina glauca, during infection thread 
formation and in infected cortical nodule and prenodule cells during early nodulation, but 
not during the period of nitrogen fixation as predicted by bacterial nifH expression 
(Svistoonoff et al., 2003). Expression of a subtilase that is a close homolog to CG12 is 
induced in Datisca glomerata during the initiation of nodulation with Frankia based on 
EST data (Demina et al., 2013). 
Nodulation is restricted to the Nitrogen-Fixing Clade (NFC) of rosids (Fabales, 
Fagales, Cucurbitales, and Rosales), but has evolved multiple times independently within 
that clade (Soltis et al., 1995; Swensen & Mullin, 1997; Doyle, 2011). The sym pathway, 
which mediates AM across land plants, was recruited during each evolutionary origin of 
nodulation for which the genetic basis has been examined (Kistner & Parniske, 2002; 
Kistner et al., 2005; Gherbi et al., 2008; Hocher et al., 2011; Op den Camp et al., 2011; 
Pawlowski et al., 2011; Demina et al., 2013). AM is the ancestral condition in land 
plants, and elements of the sym pathway are functionally conserved from legumes to 
liverworts (Wang & Qiu, 2006; Wang et al., 2010), and perhaps even to charophytes 
(Delaux et al., 2015). The evolutionary origins of nodulation are thus an example of 
“deep homology” (Shubin et al., 1997; Shubin et al., 2009; Doyle, 2011), meaning that 
phylogenetically distinct nodulation symbioses originated by the repeated, independent 
recruitment of homologous genes from a plesiomorphic (ancestral) pathway for novel, 
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homoplastic functions in different lineages. It is currently unknown how subtilases 
involved in nodulation and AM are related to each other, though one small gene 
phylogeny of 13 subtilases indicated that those mediating nodulation and AM in different 
plant lineages are of independent origins, in contrast to the pattern observed for sym 
pathway genes (Takeda et al., 2007). 
 
Subtilases in Pathogenesis 
 In addition to their roles in nodulation and AM, subtilases are expressed during 
pathogenesis. The Arabidopsis thaliana subtilase gene AtSBT3.3 is involved in immune 
priming in response to Pseudomonas syringae and Hyaloperonospora arabidopsidis, as 
demonstrated by weakened immune responses in sbt3.3 mutants (Ramirez et al., 2013). 
SlSBT3 is expressed in response to herbivory by the insect Manduca sexta in Solanum 
lycopersicum (Meyer et al., 2016). Expression of SlP69 subtilase paralogs in S. 
lycopersicum is induced in leaf and stem tissues in response to a variety of pathogens, 
including P. syringae, Phytophthora infestans, and the citrus exocortis viroid (Tornero et 
al., 1996; Tornero et al., 1997; Jordá et al., 1999; Jordá et al., 2000). More recently, as 
part of the Expression Atlas project (Kapushesky et al., 2009), transcriptome analysis 
showed differential regulation of subtilases during P. infestans infection in tuber tissue of 
Solanum tuberosum (Gao et al., 2013). Strengthening the case for a role in pathogenesis, 
the subtilase SlP69B is induced in S. lycopersicum during infection with P. infestans, and 
the pathogen expresses a Kazal-like protease inhibitor that inhibits its activity, indicating 




This study aimed to determine the phylogenetic relationships of subtilases in 
Viridiplantae, to enhance understanding of the origin and evolution of different lineages 
in this important gene family (Rautengarten et al., 2005; Schaller et al., 2012). Our 
analysis and interpretation of this phylogeny focused on subtilase lineages associated 
with symbiotic interactions in angiosperms. This study also aimed to elucidate the pattern 
of duplication that led to the multiple paralogous symbiosis-induced subtilases LjSBTM1, 
LjSBTM3, and LjSBTM4 in L. japonicus and SlP69 paralogs in S. lycopersicum, and 
particularly to determine whether the duplication of symbiosis-induced subtilases 
occurred via tandem or whole genome duplication (WGD). Tandem duplication and 
subsequent neofunctionalization is common in genes mediating pathogenesis 
(Michelmore & Meyers, 1998) while WGD has been implicated in the origin of 
nodulation in legumes (Vanneste et al., 2014; Cannon et al., 2015). 
 
3.2 Results and Discussion 
Relationships Among Plant Subtilases 
 Our phylogenetic analysis of 2,460 subtilase amino acid sequences for the first 
time produces a gene phylogeny that reconstructs evolutionary history of this important 
gene family across green plants (Fig. 1). We greatly expanded taxonomic sampling 
compared to the gene phylogeny of Rautengarten et al. (2005),, incorporating subtilase 
homologs from 341 species of diverse viridiplantae, 7 species of non-viridiplantae 
eukaryotes, 1 species of archaea and 4 species of bacteria (See Supp. Tables 1, 2 and 4). 
This expanded taxonomic coverage reveals the approximate age of each gene lineage 
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through comparison of the gene phylogeny with the corresponding organismal phylogeny 
(Qiu et al., 2006, 2010; Finet et al., 2010; Soltis et al., 2011). There are two important 
caveats to this approach. One is the uneven sampling of genomic data – amongst non-
angiosperm land plants, this study has only one bryophyte, Physcomitrella patens and 
one lycophyte, Selaginella moellendorffii, and lacks any genome from gymnosperms or 
monilophytes (Supp. Table 2). The second is the fact that transcriptomic data likely 
contain only a small subset of the homologs in a given species’ genome, those that 
happen to be expressed at the time of tissue sampling (Supp. Table 4).  
Despite these caveats, this expanded gene phylogeny allows for several insights 
into the evolution of subtilases in green plants. First, there is a general pattern of 
increased gene diversification in angiosperms, resulting in 21 of the 33 named gene 
lineages restricted to angiosperms (Fig. 1). Additionally, we identified eleven new gene 
lineages: SBT2.7, SBT3.19, SBT4.16, SBT4.17, SBT4.18, SBT4.20, SBT4.21, SBT1.10, 
SBT1.11, SBT1.12 and SBT1.13, six of which have no previously characterized members 
(Fig. 1). Some of these lineages were quite ancient, dating to the origin of seed plants 
(SBT3.19) or vascular plants (SBT4.16, SBT4.17), but were missing in the analysis of 
Rautengarten et al. (2005) because A. thaliana had no homologs in these lineages. This 
effect was especially notable in gene lineages containing subtilases mediating symbiotic 
interactions, such as SBT4.16, SBT1.10, and SBT1.13, all of which contain subtilase 
genes expressed during nodulation and/or AM interactions, and which contain no 
homologs from A. thaliana. This is in keeping a more general pattern of loss of AM-
related genes in A. thaliana, a non-nodulating and non-mycorrhizal plant (Delaux et al., 
2014; Bravo et al., 2016). Finally, while the topology of our gene phylogeny largely 
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agreed with that of Rautengarten et al. (2005), there were major revisions to the gene 
clades SBT5and SBT6, (see below).  
We found strong bootstrap (BS) support for SBT1 (96% BS), SBT2 (100% BS), 
and SBT3 (93% BS), three gene clades named by Rautengarten et al. (2005) (Fig 3.1). 
However, SBT4 was weakly supported (46% BS), though there was strong support for 
named lineages within this group (Fig. 1).  Several clades at this high level would have to 
be recognized if SBT4 was more narrowly defined to a clade with at least 70% BS 
support. While Rautengartern et al. (2005) found SBT5 to be paraphyletic, we found the 
AtSBT5 sequences to be polyphyletic, with AtSBT5.1 and AtSBT5.2 falling into the 
weakly supported SBT4, while the rest form a monophyletic group (99% BS). Finally, 
while Rautengarten et al. (2005) recognized SBT6 as a monophyletic group, with two 
sequences in A. thaliana, AtSBT6.1 and AtSBT6.2, our analysis found that these two 
sequences fell into two large gene clades that together with a small clade formed a 
paraphyletic group at the base of the entire subtilase tree of Viridiplantae (Fig. 3.1), 
which are rooted with prokaryotic subtilase sequence (Fig. 3.1).  
A series of two consecutive deep divergences of subtilase sequences right above 
the outgroup prokaryotic sequences, with moderate to strong bootstrap support, indicates 
that this large gene family underwent two rounds of duplication during early stages of 
eukaryotic evolution, as the clades that define the two splits contain animal and green 
plant sequences (Fig. 3.1). The first divergence in eukaryotes is between a small ancient 
clade (100% BS) containing the subtilase homolog PC9 from the animal Mus musculus 
and two homologs from the charophyte green alga Klebsormidium flaccidum, and all 
other eukaryotic subtilase clades. The second divergence results in SBT7 and a un-named 
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super-clade that includes SBT1, 2, 3, 4, 5, and 6 and a small ancient clade containing 
sequences from animals, fungi, and stramenopiles, in addition to those from green plants. 
This result is similar to what Rautengarten et al. (2005) found, but the improved taxon 
sampling in this study significantly increased robustness of the conclusion.  
SBT7, a newly named subfamily in this study, contains AtSBT6.1, which 
previously was placed in SBT6 by Rautengarten et al. (2005). It clearly originated early in 
eukaryote evolution, before the divergence of Viridiplantae from Metazoa (Adl et al., 
2012), as evidenced by presence of the subtilase homolog SIP from Homo sapiens, and a 
subtilase homolog from the phaeophyte Ectocarpus siliculosus in this clade. The clade 
containing AtSBT6.1 also has subtilase homologs from across Viridiplantae, including the 
chlorophyte alga Uronema belkae (Chaetophorales), the prasinophycean green alga 
Ostreococcus tauri, the charophyte algae Klebsormidium flaccidum, Chlorokybus 
atmophyticus, Cylindrocystis cushleckae, and Coleochaete scutata (Fig. 3.1; Adl et al., 
2012). The clade containing AtSBT6.2 is restricted to streptophytes, containing a subtilase 
homolog from the charophyte alga Klebsormidium flaccidum as well as land plants.  
AtSBT6.1 and AtSBT6.2 are characterized by a stronger similarity to the 
mammalian kexins and pyrolysins than to plant subtilases, whereas all other Arabidopsis 
thaliana SBT subfamilies do not partition with any of the known human prohormone 
convertases (Fig. 3.1, Rautengarten et al., 2005). In a phylogenetic analysis of all 
members of A. thaliana SBT1, 2, and 6 subfamilies with yeast Kex2p and the human 
prohormone convertases (PCs, Furin, SK1), AtSBT6.1 and AtSBT6.2 were embedded 
among the yeast and human sequences (Rautengarten et al., 2005). We found the clades 
containing AtSBT6.1 and AtSBT6.2 to form a grade, with a clade between containing 
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subtilase homologs from diverse eukaryotes, including animals (Mus, Homo), fungi 
(Saccharomyces, Kluyveromyces), diatom (Fragilariopsis), prasinophyte (Nephroselmis), 
and a prymnesiophyte (Emiliana) (Fig 3.1). Because the divergence of the clades 
containing AtSBT6.1 and AtSBT6.2 predates the Viridiplantae, it is no longer justifiable to 
place AtSBT6.1 and AtSBT6.2 in the same major group as Rautengarten et al. (2005) did. 
The clade containing AtSBT6.1 is thus re-named SBT7 in this study, with SBT6 conserved 
for the clade containing AtSBT6.2. Both SBT7 and SBT6 seem to have low copy numbers 
throughout their phylogenetic distribution ranges, green plants and land plants, 
respectively (Fig. 3.1, Supp. Table 2), and are well represented in the 1KP dataset, 
suggesting that they are expressed in the young leaf and shoot tissue typically collected 
for the 1KP project (Supp. Table 4). 
The SBT2 lineage originated early in the land plants, containing homologs in the 
liverworts Pallavicinia lyelli and Frullania sp, as well as the moss Physcomitrella patens 
(Fig 1).  The SBT2 lineage likely underwent one round of duplication early in land plant 
evolution, as supported by the presence of bryophyte paralogs in the SBT2.5 (AtSLP3) 
gene lineage and two parts at the base of the SBT2 gene lineage (Fig. 1). The SBT2.4 
clade contains only angiosperm subtilases, including AtALE1 (abnormal leaf shape 1), 
which is involved in cuticle formation and epidermal cell differentiation in embryos and 
juvenile A. thaliana plants (Tanaka et al., 2001). LlLIM9, which is induced during 
meiotic prophase in Lilium longiflorum (Kobayashi et al., 1994) during microspore 
development (Taylor et al., 1997), is monophyletic with subtilase sequences from several 
monocots and eudicots, suggesting that this gene lineage, now named SBT2.7, probably 
arose during the origin of mesangiosperms, a clade that includes all angiosperms except 
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two or three species-poor lineages at the base of angiosperm phylogeny, namely, 
Amborellales, Nymphaeales, and Austrobaileyales (Qiu et al. 2010, Soltis et al. 2011). 
Three characterized members of the SBT2 lineage, AtSBT2.5 (AtSLP3), LlLIM9, and 
AtSBT2.4 (AtALE1) are all involved in tissue differentiation and organogenesis (Table 1), 
while StSBT2.2a and StSBT2.2b are found to be down- and up-regulated following 
infection with P. infestans respectively (Table 3.1, Gao et al., 2013). This lineage has 
retained relatively steady and low copy numbers through land plant evolution (Supp. 
Table 2).  
All other plant subtilases (SBT1, SBT3, SBT4 and SBT5) form a large, poorly 
supported clade (33% BS). If this lineage is real, it originated before the divergence of 
Embryophyta and Zygnematophyceae (Adl et al., 2012) as evidenced by the presence of 
subtilase homologs from three zygnematophycean green algae Cylindrocystis cushleckae, 
Spirogyra sp., and Roya obtusa in a basal position. 
The SBT5 gene clade contains two functionally characterized members. AtAIR3, 
involved in lateral root formation (Neuteboom et al., 1999), and MtSBT5.3, which is 
expressed in response to LCO signals from the nodulating bacteria Sinorhizobium 
meliloti (van Zeijl et al., 2015). AtSBT5.3, AtSBT5.4, AtSBT5.5 and AtSBT5.6 form a well 
supported monophyletic group (99% BS) that we call SBT5. This clade does not include 
AtSBT5.1 and AtSBT5.2, which are in the SBT4.19 clade. SBT5 contains homologs 
mosses and liverworts, indicating an origin of this clade near the origin of land plants. 
The SBT3 clade is the only major clade of the subtilase gene family that has 
members exclusively in seed plants in our dataset, with the most basal taxon represented 
being the cycad Encephalartos barteri  in the SBT3.19 clade (Fig. 3.1). The only 
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functionally characterized subtilase in this family is AtSBT3.3, which is involved in 
immune priming in A. thaliana (Ramirez et al., 2013). In A. thaliana, SBT3 is the largest 
clade with 18 members (Rautengarten et al., 2005), but these genes seem to be derived 
from recent duplications that occurred within the Arabidopsis genus, the Brassicaceae, or 
the Brassicales, as most of the 18 copies formed a moderately supported clade by 
themselves, not with any sequences from related species that are in our matrix, e.g., 
Gossypium raimondii, Populus trichocarpa, and Ricinus communis, which are in 
different orders (Fig 3.1).  
In the poorly-supported “SBT4” clade (46% BS), the earliest diverging subtilase 
lineage, SBT4.16/SBT4.17, appears to have originated in tracheophytes, with homologs in 
S. moellendorffii, Azolla caroliniana, and Isoetes sp. (Fig. 3.1). Several subtilases from 
the bryophyte grade are recovered as being nested in “SBT4,” but with low bootstrap 
support for specific placement, including homologs from the moss Physcomitrella patens, 
recovered as sister to SBT4.18/SBT4.19/SBT4.7/SBT4.6/SBT4.3/SBT4.20/SBT4.21 (19% 
BS), and a homolog from the hornwort Nothoceros vincentianus  recovered to be sister to 
SBT4.16/SBT4.17, (63% BS). SBT4.16 includes LjSBTS, which is expressed during 
nodulation and AM in L. japonicus (Takeda et al., 2009), as well as a subtilase in M. 
truncatula that is upregulated in response to LCO signals from Sinorhizobium meliloti 
(van Zeijl et al., 2015), which we named MtSBTS to reflect its similarity to to LjSBTS in 
expression profile and phylogenetic position. The SBT4 clade also contains AtXSP1 
(AtSBT4.14), involved in xylem differentiation (Zhao et al., 2000), the subtilase gene 
encoding Cucumisin, which is involved in fruit ripening in Cucumis melo (Yamagata et 
al., 1994), and GmSLP1 and GmSLP2, involved in seed coat development in G. max 
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(Beilinson et al., 2002).  
The SBT1 clade, according to our analysis, is by far the largest of the subtilase 
subfamilies, and clearly dates back to the beginning of land plant evolution (Supp. Table 
2). Two clades containing subtilases associated with symbiosis, SBT1.10 and SBT1.13, 
account for almost one third of that expansion (Supp. Table 2), which likely happened in 
the common ancestor of mesangiosperms (Fig. 3.1). Using only homolog counts from 
whole genomes, there are, on average 21.69 SBT1 homologs per species across land 
plants (compared to 11.78 SBT4 homologs, the next largest clade), of which an average 
of 9.17 are in either the SBT1.10 or SBT1.13 lineages (Supp. Table 2). The majority of 
previously characterized subtilases involved in symbiotic interactions are in the SBT1 
clade of the S8A subtilases, in the SBT1.10 or SBT1.13 clade, which are involved in 
symbiotic interactions (Table 1). Many of these subtilases exist as paralogous genes 
clustered in the genome, indicating tandem duplication (see below).  
In addition to subtilases mediating biotic interactions, the SBT1 clade contains 
several other characterized subtilases, mostly involved in developmental processes 
(Schaller et al., 2012). SlP69D-F are expressed during development in various tissues 
(Table 3.1, Jordá et al., 1999; Jordá et al., 2000). AtSBT1.5 and AtSBT1.6 are expressed 
constitutively in all cell types and are thought to be involved in non-specific protein 
degradation and turnover (Rautengarten et al., 2005). In the SBT1.4 lineage, TaSSP1 is 
involved in protein degradation in senescing leaves of Triticum aestivum (Roberts et al., 
2003). In the SBT1.7 lineage, AtARA12 (AtSLP1, AtSCS1) is found in the intercellular 
spaces in A. thaliana stems and degrades proteins with little specificity (Hamilton et al., 
2003), while in G. max the ortholog of this gene is involved in seed coat development 
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(Rautengarten et al., 2008). SBT1.1 processes preproAtPSK4, a precursor for 
phytosulfokines, involved in mitogenic activity (Srivastava et al., 2008). AtSBT1.2 
(SDD1) mediates stomatal density and distribution in A. thaliana (Berger & Altman, 
2000).  
 
Relationship Among Subtilases Associated with Symbiosis 
The majority of subtilase genes associated with symbiotic interactions fall into 
two newly identified distinct gene clades, SBT1.10 (100% BS) and SBT1.13 (100% BS) 
(Fig 3.1, Table 1). Both of these clades contain subtilase genes associated with both 
nodulation and AM, as well as pathogenesis. While both clades have members from 
across the mesangiosperms, SBT1.13 is embedded in a large, strongly supported clade 
with SBT1.11, SBT1.12, and SBT1.9 (100% BS), containing a gene from the basal 
angiosperm Nuphar advena (Fig 3.1), while SBT1.10 is embedded in a clade with SBT1.1 
and SBT1.2, containing a gene from the basal angiosperm Amborella trichopoda (Fig. 
3.1), suggesting a divergence between SBT1.10 and SBT1.13 early in angiosperm 
evolution.  The two major symbiotic lineages are both in the SBT1 subfamily, and their 
large size is likely due to many rounds of whole genome and tandem duplication (see 
below). Neither of these symbiotic gene lineages was present or named in the gene 
phylogeny of Rautengarten et al. (2005) due to their absence in A. thaliana, a non-
mycorrhizal and non-nodulating species. 
The SBT1.13 clade includes subtilases expressed during pathogenesis in Solanum, 
AM in O. sativa, nodulation in Alnus glutinosa and Casuarina glauca, and subtilases 
upregulated in response to rhizobial LCO signals in M. truncatula, as well as a subtilase 
	 91	
involved in wound response to insect herbivory in S. lycopersicum (Fig 3.1, Table 1). The 
SBT1.10 clade includes subtilases expressed during pathogenesis in Solanum, AM in L. 
japonicus, and nodulation in the legumes L. japonicus and M. truncatula (Fig 3.2, Table 
1). Due to the absence of genomic and transcriptomic sequence data, it is unclear whether 
nodulating species in the Fagales have subtilase genes in the SBT1.10 clade, or whether 
these genes are expressed during nodulation.  
With the ages of gene clades assessed from the corresponding plant clades, it is 
clear that appearance of both major symbiotic gene lineages significantly predates the 
origin of the NFC and, by extension, nodulation. This line of evidence in turn suggests 
that the genes recruited for nodulation were involved in different functions before plants 
acquired nodulating capability. Consistent with this interpretation, both of the major gene 
lineages containing nodulation-induced subtilases also include genes induced during AM 
development. OsSBTM1, which was weakly supported as being in the SBT1.13 clade 
(34% BS), is expressed during AM formation in O. sativa when the root is inoculated by 
G. intraradices (Table 1, Güimil et al., 2005). In the SBT1.10 clade, LjSBTM4 is 
expressed in both AM and root nodule symbioses, suggesting an expansion of symbiont 
range to include nodulating bacteria (Kistner et al., 2005; Takeda et al., 2007, 2009, 
2011).In both of these gene clades, subtilases expanded their expression to be induced by 
new symbionts; the function of these subtilases in restructuring plant cell walls may make 
these gene clades functionally labile in symbiotic interactions (Schaller et al., 2012). 
Six subtilase genes associated with symbiosis did not fall into these two clades, or 
into the SBT1 clade, and instead they were scattered in four major clades that were in less 
derived positions than SBT1 (Fig. 1). LjSBTS, expressed during both nodulation and AM 
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(Table 1, Takeda et al., 2009), and MtSBTS, upregulated in response to LCO signals 
(Table 1, van Zeijl et al., 2015), are members of a newly identified gene lineage, SBT4.16 
(100% BS). This gene clade likely arose during the origin of vascular plants, as 
evidenced by their presence in the lycophyte Selaginella moellendorffii (Fig. 3.1). Two S. 
tuberosum subtilases, StSBT2.2a and StSBT2.2b, found to be down- and up-regulated 
following infection with P. infestans respectively (Table 3.1, Gao et al., 2013), are in the 
SBT2.2 clade. MtSBT5.3, a subtilase from M. truncatula that is upregulated in response to 
Rhizobium LCO signals (van Zeijl et al., 2015), is in the SBT5.3 clade. AtSBT3.3 in A. 
thaliana is involved in immune priming in response to P. syringae and 
Hyaloperonospora arabidopsidis (Ramirez et al., 2013).  
The above relationships of subtilase genes associated with symbiosis show a clear 
non-random distribution of these genes in the subtilase gene tree of green plants, despite 
limited numbers of genes and organisms that have been characterized, since more than 
half gene clades in the entire tree have no characterized members (Fig. 3.1). Subtilases 
have evolved roles in symbiotic interactions many times independently, but symbiosis-
induced subtilases are concentrated in one major clade, SBT1, and even in this clade they 
are found only in two subclades, SBT1.10 and SBT1.13, both of which extend to the 
beginning of mesangiosperm evolution, and which diverged from one another even 
earlier. A series of tandem and whole genome duplication events may help explain how 
such a distribution pattern arose. 
 
Tandem and Whole Genome Duplication in the SBT1.10 clade 
New paralogs in the SBT1.10 gene clade have been acquired independently in 
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different plant lineages primarily via tandem gene duplication, but also through whole 
genome duplication (Fig. 3.2, Fig. 3.3). Subsequently, these paralogs have been recruited 
for new but related symbiotic interaction functions in different lineages, likely through 
neo- and subfunctionalization (Ohno, 1970; Lynch & Force 2000; He & Zhang 2005), 
resulting in a gene lineage with paralogs involved in a variety of symbioses, including 
pathogenesis, AM and nodulation (Fig 1).  
SBT1.10 is represented by multiple, lineage-specific paralogs in the 
Papilionoideae (SBTM1 and SBTM3; Fig. 2, node B), Rosaceae (Fig. 3.2, node C), and 
Malphigiales (Fig. 3.2, node D) and Solanaceae (P69A-F, Fig. 3.2, node F), whereas copy 
numbers of subtilase homologs in the SBTM4 clade have remained relatively low during 
eudicot evolution (Fig. 3.2, node A, Fig. 3.3). The SBTM1/M3 and P69 paralogs arose 
from SBTM4 early in eudicot evolution, before the divergence of asterids and rosids, as 
evidenced by the respective monophyly (Fig 2, nodes E and C) of SBTM1/M3 and P69 
paralogs, and their synteny (Fig 3.3A). In the Papilionoideae, SBTM1/SBTM3 duplicated 
in the ancestor of the subfamily at least once to produce SBTM1 and SBTM3, as in the 
case of Phaseolus vulgaris, and many times in the case of the paralogs of M. truncatula 
(Fig. 3.2, node B).  
To assess the mode of these duplications, we performed a synteny analysis of 
SBT1.10 paralogs in selected taxa with well-annotated genomes (Fig. 3.3). In the 
genomes of Fragaria vesca (Rosales) and Populus trichocarpa (Malphigiales), SBT1.10 
homologs underwent independent tandem duplication, resulting in multiple SBT1.10 
paralogs that are monophyletic in each order (Fig. 3.2, nodes C and D), and tandem with 
SBTM4 (Fig. 3.3). Synteny is preserved between the regions containing SBT1.10 and 
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SBTM4 paralogs in F. vesca and P. trichocarpa (Fig. 3B). 
 In all sampled species in the Papilionoideae, SBTM1 and SBTM3 paralogs are 
found on a separate chromosome from SBTM4, as compared to their tandem arrangement 
in Fragaria vesca and Populus trichocarpa (Fig. 3). This evidence supports a scenario in 
which SBTM1/M3 arose by tandem duplication from SBTM4 before the divergence of 
Rosales and Fabales, and SBTM4 then ended up on a separate chromosome from SBTM1 
and SBTM3 during a larger segmental or whole genome duplication and subsequent 
pseudogenization. This derived condition, shared by all sampled papilionoids, likely 
occurred during the WGD event near the origin of Papilionoideae (Vanneste et al., 2014; 
Cannon et al., 2015), as is supported by the synteny of large chromosomal regions 
containing SBTM4 with the regions containing SBTM1 and SBTM3 in the Papilionoideae 
(Fig. 3C). Unlike other sym pathway genes that were retained and neofunctionalized or 
subfunctionalized after this whole genome duplication (Vanneste et al., 2014), the 
ancestral tandem copy of SBTM1/M3 near SBTM4 in legumes was likely lost due to 
functional redundancy, and vice-versa. This is supported by the presence of the 
pseudogenes ψSBTM2 tandem to SBTM1 and SBTM3 and ψSBTM5 tandem to SBTM4 in 
L. japonicus (Takeda et al., 2009) (Fig. 3.3). 
An exception to both the low copy number of SBTM4 and the solely tandem 
duplication of SBTM1 and SBTM3 is found in G. max, in which tandem SBTM1 and 
SBTM3 paralogs are found in syntenic regions of chromosomes 1 and 11 (Fig. 3.3). 
Likewise, the four SBTM4 paralogs are arranged as two tandem copies on two syntenic 
regions of chromosomes 5 and 17 (Fig. 3.3), suggesting one tandem duplication and then 
a subsequent duplication during the whole genome duplication in the Glycine genus 
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(Shoemaker et al., 2006; Schmutz et al., 2010). This is in keeping with the high copy 
number of subtilases in G. max generally, which has 104 subtilase paralogs against an 
average of 64 in the rosids, likely due to recent polyploidization in this genus (Shoemaker 
et al., 2006; Schmutz et al., 2010, Supp. Table 2). L. japonicus has three copies of 
SBTM4, two of which are arranged tandemly and one quite distant on the same 
chromosome (Fig. 3.3). Because Lotus and Glycine belong to two separate major clades 
of the subfamily Papilionoideae (The Legume Phylogeny Working Group, 2013), and 
species in basal lineages of both clades that have been sequenced, P. vulgaris and M. 
truncatula, have a single copy of SBTM4, the high copy number of the gene in G. max 
and L. japonicus is clearly the result of two recent, independent duplication events. 
The retention of multiple P69 paralogs across lamiids suggests that they have an 
adaptive function, perhaps coevolving with specific symbionts (Michelmore and Meyers, 
1998). This interpretation is supported by studies showing the coevolution of those 
pathogens with P69 subtilases (Table 3.1, Tian et al., 2004). Genes mediating 
pathogenesis and mutualism often show different evolutionary patterns, with those 
mediating mutualism remaining static over time while those involved in pathogenesis 
showing accelerated rates of evolution, in an “arms race,” though we did not recover that 
pattern here (Kimbrel et al., 2013; Bravo et al., 2016).  
The pattern of widespread tandem duplication and neofunctionalization seen in 
these subtilases reflects a general pattern of evolution for host genes involved in co-
evolution with symbionts, particularly in organisms with innate (rather than adaptive) 
immune systems and is found in the LRR class of R genes (Michelmore & Meyers, 1998; 
Jones & Dangl, 2006). This pattern has been proposed to create multiple paralogs that can 
	 96	
each co-evolve with specific symbionts, free of constraints of retaining functionality with 
ancestral symbionts, in a divergent selection regime (Michelmore & Meyers, 1998). 
Other paralogs in the nodulation pathway, such as LysM-domain receptor kinases 
mediating Nod-factor reception in L. japonicus (LjNFR1a, LjNFR1b, and LjNFR1c), 
arose by tandem duplication (Limpens et al., 2003; De Mita et al., 2014). This legume-
specific gene duplication has been proposed to account for derived traits of symbiont 
specificity in legumes, by allowing these paralogous receptors to expand host range and 
coevolve with different symbionts without constraint (Radutoiu et al., 2007). 
Whether duplications in genes recruited for nodulation occured at a whole 
genome-scale or local scale determines the extent to which a genetic “predisposition” for 
nodulation can be claimed, for which derived states (e.g., crack entry vs. root hair 
deformation), and at which nodes of the plant phylogeny. Some paralogs recruited for 
nodulation, such as the ERF transcription factors MtERN1 and MtERN2 (Middleton et al., 
2007), arose through whole genome duplication in the papilionoid legumes (Vanneste et 
al., 2014). This wholesale duplication of all genes has been suggested as a possible 
genetic mechanism for an evolutionary “predisposition” for nodulation by supplying 
selectively unconstrained genetic material for neofunctionalization (Soltis et al., 1995; 
Swensen & Mullin, 1997; Li et al., 2013; Werner et al., 2014), though recent work has 
cast doubt on this hypothesis (Cannon et al., 2015).  
 
3.3 Conclusions 
Subtilases play a role in a wide variety of developmental processes in land plants 
through the processing and degradation of proteins in the apoplastic space between cells 
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(Schaller et al., 2012). By incorporating genomic and transcriptomic data into a large 
dataset spanning land plants, our analysis shows that the subtilase gene family underwent 
multiple rounds of duplication and diversification, resulting in many subtilase clades with 
different functions. This diversification was particularly prominent in the angiosperms, to 
which 21 of the 33 named subtilase lineages are restricted (Fig. 1). 
The ability of subtilases to restructure cell walls may be adaptive for a variety of 
symbiotic interactions with nodulating bacteria, AM fungi, and pathogens, as subtilases 
were recruited to mediate these interactions multiple times across land plant evolution 
(Fig. 1, Table 1). Here we show that the majority of subtilases shown to mediate 
symbiotic interactions fall into two gene lineages, the SBT1.10 lineage and the SBT1.13 
lineage. However, in both of these lineages, homologous subtilases mediate at least three 
different symbiotic interactions in different plant species. 
Further, in the SBT1.10 clade, patterns of duplication, as well as neo- and 
subfunctionalization, were specific to each nodulating lineage (Fig. 2, nodes B,C,D). 
Most genes in the sym pathway are single-copy orthologs, but in those represented by 
more than one copy, the specific pattern of gene duplication and recruitment has been 
shown to have functional consequences for nodulation in different lineages (Op den 
Camp et al., 2011). Whole genome duplications in the rosids have been proposed as a 
mechanism for the genetic predisposition to nodulation in the NFC (Swensen & Mullin, 
1998; Li et al., 2013; Vanneste et al., 2014). Tandem duplication and 
neofunctionalization is a common pattern in genes mediating biotic interactions 
(Michelmore & Meyers, 1998), and has been proposed to account for synapomorphies 
(clade specific derived traits) in the evolution of nodulation (Radutoiu et al., 2007; Zhang 
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et al., 2007; De Mita et al., 2014).   
Nodulation evolved via the recruitment of the pre-existing sym pathway, which 
mediates AM formation across land plants (Wang et al., 2010), and which has elements 
that originated before the divergence of charophytes and land plants (Delaux et al., 2015). 
Here we show that the evolution of the subtilase gene family, which contributed to the 
evolutionary origin of nodulation, involved multiple rounds of duplication and changes in 
symbiont specificity across the gene phylogeny.  
 
3.4 Materials and Methods 
Full proteome data were retrieved for 23 selected taxa across the land plant 
phylogeny from Phytozome v10.2 (Goodstein et al., 2012, see Supp. Table 2), and the L. 
japonicus proteome was retrieved from the Kazusa DNA Research Institute (see Supp. 
Table 2). These 24 full proteome sequences were assembled into a local BLAST+ 
database (Altschul et al. 1990), and an additional BLAST search of the fully sequenced 
Klebsormidium flaccidum genome, to increase taxonomic sampling to 25 fully sequenced 
genomes across the viridiplantae.  
Amino acid sequences of 54 of the 56 subtilases from Rautengarten’s (2005) A. 
thaliana subtilase gene phylogeny were retrieved from GenBank (NCBI, Supp. Table 1); 
two sequences found to be pseudogenes in alignment, AtSBT3.1 and AtSBT4.2, were 
excluded. Eight of the 54 A. thaliana subtilases have been further functionally 
characterized in other studies (Supp. Table 1). A literature review of plant subtilases was 
performed to catalogue characterized plant subtilases in species other than A. thaliana, of 
which 23 were used in BLAST searches, for a total of 77 subtilases from the literature to 
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capture the phylogenetic breadth of the subtilase (Supp. Table 1). Additional expression 
data on subtilases was retrieved from the Expression Atlas project (Kapushesky et al., 
2010). The 77 sequences from the literature were used for a local BLASTP query of the 
24 full proteomes with an e-value cutoff of 0, to discover the full complement of subtilase 
homologs in each proteome. These were supplemented by a BLASTP query of 
transcriptomes from 316 taxa in the 1KP database (Supp. Table 4, Matasci et al., 2014), 
for a total of 341 taxa sampled. An additional 19 subtilase sequences from 12 non- 
Viridiplantae species (1 archaea, 4 bacteria, and 7 eukaryotes) were added in order to 
determine the phylogenetic depth of ancient subtilase clades SBT6 and SBT7 (Supp. 
Table 1). 
After removal of duplicates and sequences under 300 AA, these searches yielded, 
in total, 2,460 subtilase amino acid sequences: 77 subtilases retrieved from the literature, 
1,159 subtilases from 316 taxa in the 1KP database, 19 subtilases from outside 
Viridiplantae retrieved from NCBI, and 1,205 subtilases retrieved from the 25 selected 
proteomes downloaded from Phytozome v10.2 and the Kazusa DNA Research Institute. 
A multiple sequence alignment of amino acid sequences was performed using 
CLUSTALO (Thompson et al., 1997).  
Sequence alignments were uploaded onto the CIPRES science gateway (Miller et 
al., 2010) and a maximum likelihood phylogeny was constructed using RAxML 
(Stamatakis, 2006), using a Dayhoff substitution model and 100 bootstrap replicates 
(Dayhoff et al., 1978). The tree was rooted using a subtilase sequences from Bacillus 
amyloliquefaciens as an outgroup. The Generalized Time Reversible (GTR) substitution 
model was also tested, and topologies relevant to the conclusions presented here 
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remained stable through multiple phylogenetic analyses with different substitution 
models (Lanave et al., 1984). The resulting gene trees were visually inspected, custom 
python scripts counting taxon names in tip names were used to record and count genes in 
orthologous gene lineages (orthogroups), in order to describe patterns of specific gene 
lineage expansions in different land plant clades. 
The A. thaliana subtilase gene nomenclature proposed by Rautengarten et al. 
(2005) was used as a foundation for our nomenclature system for subtilases in the 
Viridiplantae. In cases when a large, monophyletic, well-supported (BS value >70%) 
gene lineage did not have a representative in A. thaliana, we assigned names based on the 
number sequence used in Rautengarten et al. (2005) – for example, the highest number in 
Rautengarten’s AtSBT4 clade was AtSBT4.15, so we named the first unnamed lineage in 
SBT4 “SBT4.16.” Some small or paraphyletic groups were left unnamed, for example the 
small lineage sister to SBT6. For names of major clades in green plants, we followed 
Cavalier-Smith (1981) for Viridiplantae, Lewis and McCourt (2004) for Charophyta, 
Mishler & Qiu (in press) for Embryophyta, and Cantino et al. (2007) for Tracheophyta, 
Spermatophyta, Angiospermae, Mesangiospermae, and Eudicotyledoneae. 
Synteny analysis of a large clade containing the majority of characterized 
symbiosis-induced subtilases was conducted to investigate patterns of duplication of 
these paralogs in a phylogenetic framework. The genomic position and strandedness of 
sequences in these orthogroups were identified in the most recent genome assemblies 
available from Phytozome v10.2 or the Kazusa DNA Research Institute. Syntenic 
relationships of these genes were investigated using comparative genomics (CoGe) tools 
SynMap (for chromosome-scale synteny) and GEvo (for fine-scale synteny). 
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Table 3.1: Expression and functional evidence for selected characterized subtilases in 
angiosperms. Citations refer to references list of Chapter 3.  
 
Gene Organism Clade Function Evidence Citation 












Gene knockout Tanaka et al., 2001 








et al., 1997 




Expression Gao et al., 2013 




Expression Gao et al., 2013 





Spatial expression of 
GUS reporter gene 
fusion 
Neuteboom 
et al., 1999 
MtSBT5.3 Medicago truncatula SBT5.3 
Expressed in 





Expression van Zeijl et al., 2015 
AtSBT3.3 Arabidopsis thaliana SBT3.3 
Immune priming 










MtSBTS Medicago truncatula SBT4.16 
Expressed in 





Expression van Zeijl et al., 2015 
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expression reduced in 














et al., 2008  
GmSLP2, 








et al., 2008  
AtXSP1 Arabidopsis thaliana SBT4.6 
Xylem 
differentiation Expression 
Zhao et al., 
2000 






















Expression Tornero et al., 1996 












Jordá et al., 
1999; Tian et 
al., 2004 




Expression Jordá et al., 1999 
SlP69D Solanum lycopersicum SBT1.10 
Expressed in 
young leaves Expression 
Jordá et al., 
1999 




Expression Jordá et al., 2000 
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SlP69F Solanum lycopersicum SBT1.10 
Expressed in 
hydathodes Expression 
Jordá et al., 
2000 





Spatial expression of 








van Zeijl et 
al., 2015 


















Spatial expression of 




van Zeijl et 
al., 2015 





Expression Liu et al., 2003 





Expression Güimil et al., 2005 
AG12 Alnus glutinosa SBT1.13 
Nodulation - 
Frankia sp. Expression 
Ribeiro et 
al., 1995 
CG12 Casuarina glauca SBT1.13 
Nodulation with 




Pisolithus alba or 
AM Glomus 
intraradices 
Spatial expression of 





et al., 2003; 
Hocher et 
al., 2006 




Expression Gao et al., 2013 




Expression Gao et al., 2013 
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Meyer et al., 
2016 
MtCG12a Medicago truncatula SBT1.13 
Expressed in 





Expression van Zeijl et al., 2015 
MtCG12b Medicago truncatula SBT1.13 
Expressed in 





Expression van Zeijl et al., 2015 




Expression Golldack et al., 2003 


















leaves in young 
plants and leaves, 
















    (green plants)
= Charophyta
= Embryophyta
    (land plants)
= Tracheophyta
    (vascular plants)
= Spermatophyta
    (seed plants)
= Angiospermae
    (flowering plants)
= Eudicotyledonae




































































































































































































































































































































Figure 3.1: Maximum-likelihood phylogenetic tree of 2,460 subtilases. including 2,441 
subtilases in the Viridiplantae. Subtilases of interest are noted around the tree, with 
corresponding functional or expression information in Table 1. Rings around the phylogeny 
delineate subtilase gene subfamilies and gene lineages, following the nomenclature of 
Rautengarten et al. (2005) where possible (see Methods for nomenclature guidelines). Gene 
lineage names introduced in this paper are in bold italic font, names in quotation marks 
indicate less than 70% BS support, and gene lineages containing many recently duplicated 
named A. thaliana subtilase paralogs include those paralogs in parentheses. Phylogenetic 
depth of gene lineages indicated by color in key; criterion is the earliest-diverging plant 
lineage for which a subtilase homolog is present in that gene lineage. Magnify ~2000X for 
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Figure 3.2: A portion of the maximum-likelihood phylogenetic tree shown in Fig. 1, to show details of the SBT1.10 gene clade. 
Bootstrap values out of 100 replicates are found at each node. Notable function characterizations are provided with symbols in 
Key. Node A: Orthologous gene lineage containing LjSBTM4. Node B: Gene lineage containing LjSBTM1 and LjSBTM3, duplica-
tion leading the LjSBTM1 and LjSBTM3 occurring before origin Papilionoideae, and restricted to this clade. Node C: Orthologous 
gene lineage of SBT1.10 genes, specific to Rosales. Node D: Orthologous gene lineage of SBT1.10 genes, containing multiple 
paralogs restricted to Malphigiales. Node E: Gene lineage containing P69 paralogs specific to asterids. Node F: Gene lineage 
containing all described P69 paralogs, which are restricted to the Solanaceae.                                                               
Gene names starting with letters were directly downloaded from NCBI; accession numbers and other information can be found 
in Supp. Table 1. Gene names starting with “1KP” are from the 1KP project, with 1KP sequence ID number and genus provided 
(further information provided in Supp. Table 4). All other genes are from full proteome data, contain Phytozome PACID# or 
Kazusa ID# (for Lotus japonicus), and begin with AGI code if available in annotation. Full species names can be found in Supp. 
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Figure 3.3: Schematic representation (not to scale) showing syntenic relationships of SBT1.10 genes in eudicots, with different 
paralogs, coordinates and strandedness retrieved from phytozome annotations (further information available in Supp. Table 3). 
Panels A, B, and C are retrieved from our synteny analyses in CoGe (comparative genomics) tool “SynMap” showing retained 
synteny. A: Conserved synteny between Solanum lycopersicum chromosome 8,and Medicago truncatula chromosome 5 in the 
regions containing SBT1.10 paralogs. B: Conserved synteny between Populus trichocarpa chromosome 3 and Fragaria vesca 
chromosome 5, supporting a conserved state of tandem arrangement between SBTM4 and SBTM1/M3 between malvids and 
NFC. C: Conserved synteny between Medicago truncatula chromosome 5 and chromosome 4, showing that the chromosomal 







Transcriptomics of Nodulation in Elaeagnus umbellata 
Abstract 
Nodulation, the symbiosis in which nitrogen-fixing bacteria are housed in specialized 
nodule organs on plant roots, evolved multiple times independently in the Nitrogen-
Fixing Clade of rosids. Each examined origin of nodulation involved the recruitment of 
homologous genes, meaning that nodules are deeply homologous structures. However, 
multiple lineages representing independent origins of nodulation have not been 
characterized on a genetic level. Here, we report the first transcriptomic study of the roots 
of Elaeagnus umbellata, an actinorhizal shrub for which the genetic basis of nodule 
development has not been examined, upon exposure to its nodule bacteria Frankia. 
Transcriptome assembly recovered multiple genes orthologous with those mediating 
nodulation in other lineages. The evolutionary history of these genes is examined. 
 
4.1 Introduction 
Nodulation, the symbiotic association in which nitrogen-fixing bacteria are 
housed in nodule organs on plant roots, is an important driver of the global nitrogen cycle 
in both wild and agricultural ecosystems (Galloway et al., 1995; Smil 1999). This 
symbiosis is best known in the agriculturally important legume family (Fabaceae), which 
associate with the nitrogen-fixing bacteria collectively called “rhizobia” (Sprent, 2001). 
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Outside of the legumes, however, one genus in the Rosales (Parasponia, Cannabaceae) 
nodulates with rhizobia, and about 220 non-legume “actinorhizal” species in 25 genera 
spanning eight families in the Rosales, Fagales, and Cucurbitales nodulate with 
actinobacteria in the genus Frankia (Swensen et al., 1996; Wall, 2000). Nodulation 
occurs only in these four orders of rosids, which together constitute a clade called the 
Nitrogen-Fixing Clade (NFC) (Soltis et al., 1995). Nodules originated multiple times 
independently in the NFC, as reflected by its incongruous phylogenetic distribution, 
diverse bacterial symbionts and differences in infection mechanism, as well as nodule 
morphology and development patterns in different nodulating lineages (Swensen, 1996; 
Pawlowski & Sprent, 2008; Swensen & Benson, 2008; Doyle, 2011).  
Nodulation requires the Common Symbiotic Signaling Pathway (CSSP), which 
also mediates the ancient arbuscular mycorrhizal (AM) symbiosis present across land 
plants (Wang et al., 2010). The genetic underpinnings of nodulation have been most fully 
examined in the model papilionoid legumes Medicago truncatula and Lotus japonicus 
(for review, see Oldroyd, 2013), but genes involved in nodulation have also been 
identified in some nodulating non-legume species, notably the actinorhizal Casuarina 
glauca and Alnus glutinosa (Fagales) (Laplaze et al., 2000; Hocher et al. 2011; 
Svistoonoff et al., 2013), Datisca glomerata (Cucurbitales) (Demina et al., 2013), and the 
rhizobial Parasponia andersonii (Rosales) (Op den Camp et al., 2011). These studies 
show that the independent evolution of nodulation involved repeated recruitment of 
homologous CSSP genes (Doyle, 2011). Additional genes that do not mediate AM, such 
as hemoglobins and transcription factors such as NIN and the NF-Y complex, have also 
been recruited for nodulation multiple times independently in different lineages 
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(Vázquez-Limón et al., 2012; Soyano et al., 2013; Soyano & Hayashi, 2014; Clavijo et 
al., 2015).  
Nodules are thus “deeply homologous,” since they originated by the repeated 
independent recruitment of homologous genes for a convergent function (Doyle, 2011). 
However, the precise orthologs recruited for nodulation are not identical in each 
independent origin of the symbiosis (Gopalasubramaniam et al., 2008; Taylor & Qiu, 
2017). The genetic basis of nodulation in convergently nodulating lineages has 
implications for the predictability of the evolution of nodulation, the feasibility of 
engineering it in non-nodulating crops, and the phylogenetic distribution of a genetic 
endowment or “predisposition” to nodulate. Despite over two decades of progress, the 
genetic basis of nodulation remains understudied in many lineages that represent 
independent origins of this symbiosis, especially in actinorhizal lineages (Pawlowski et 
al., 2011; Svistoonoff et al., 2015) and lineages with infection mechanisms that differ 
from model species (Demina et al., 2013; Fabre et al., 2015).  
The model lineages for which nodulation has been characterized most extensively 
on a cellular and genetic level - the rhizobial legumes M. truncatula and L. japonicus, and 
the actinorhizal A. glutinosa and C. glauca (order Fagales) - are infected through root hair 
curling and the formation of transcellular infection threads leading to nodule primordia 
(Timmers et al., 1999; Berg et al., 1999a,b). In these lineages, perception of bacterial 
signaling molecules activates nuclear calcium spiking in the root epidermis, mediated by 
the CSSP (Oldroyd, 2013). In the case of rhizobial nodulation, these bacterial signaling 
molecules are lipo-chito-oligosaccharides (LCOs), which are similar to LCO factors 
produced by AM (glomeromycete) fungi (Maillet et al., 2011). Perception of both AM 
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fungal and rhizobial LCO signals is mediated by LysM-motif receptor kinases (LysM-
RKs) (De Mita et al., 2014). Frankia signaling molecules remain uncharacterized, but are 
not digested by chitinase (Chabaud et al., 2016). These signals appear not to be perceived 
by LysM-RKs, but also activate the CSSP in actinorhizal lineages (Markmann & 
Parniske, 2009; Svistoonoff et al., 2014).  
Plant perception of bacterial (or AM fungal) signaling pathways activates the 
CSSP through interaction with the leucine-rich repeat (LRR)-receptor kinase SYMRK, 
inducing nuclear calcium spiking. The nuclear pore complex formed by NUP85, 
NUP133, and NENA are required for nuclear calcium spiking, and may be involved in 
positioning several cation channels on the inner membrane of the nuclear envelope (Saito 
et al., 2007; Kanamori et al., 2006; Groth et al., 2010). These include MtMCA8, a 
calcium ATPase pump in the SERCA-type family (Capoen et al., 2011) and potassium 
channels LjCASTOR (MtDMI1) (Ané et al., 2004) and LjPOLLUX (Chen et al., 2009), 
all of which are required for calcium spiking. This nuclear calcium spiking in turn 
induces a cascade of transcription factors leading to the reception of the symbiont by root 
hair curling and invagination, to form the transcellular IT (Madsen et al., 2010; Oldroyd 
et al., 2013; Singh et al., 2014). Calcium spiking is perceived by CCAMK, which, in 
interaction with CYCLOPS, induces the expression of multiple genes which coordinate 
nodule organogenesis and the development of ITs, including the transcription factor 
genes NIN, NSP1, NSP2 and the NF-Y complex (Soyano et al., 2013; Soyano & Hayashi, 
2014), and other genes such as CERBERUS and VAPYRIN (Madsen et al., 2010; Murray 
et al., 2011). Subtilases, a group of proteases involved in protein turnover in the 
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apoplastic space, are required for infection thread development in C. glauca and L. 
japonicus (Laplaze et al., 2000; Takeda et al., 2009). 
The Elaeagnaceae represents an independent origin of actinorhizal nodulation 
from model nodulating lineages (Li et al., 2015). The infection and development of 
nodules in this familydiffers substantially from these well-studied model lineages, based 
on examination of Elaeagnus angustifolia (Miller & Baker, 1985), and Shepherdia 
argentea (Racette & Torrey, 1989). In both species, Frankia infects the root 
intercellularly, through the middle lamella of epidermal cells, and moves through the 
apoplastic space to the nodule primordium without ITs (Miller & Baker, 1985; Racette & 
Torrey, 1989). This is typical of nodulation in the Rosales, in which the plasma 
membrane of each infected nodule cell invaginates to form new “vegetative hyphae” in 
each infected cell, though “invasive hyphae” ensheathed in transcellular ITs have been 
occasionally observed to cross from one infected cell to another, as in Ceanothus 
(Rhamnaceae) (Berry & Sunnell, 1990; Liu & Berry, 1991; Berg, 1999a,b). During 
intercellular infection, plant cell wall material (particularly pectic polysaccharides) is 
deposited around growing Frankia hyphae (Miller & Baker, 1985; Liu & Berry, 1991), 
and is partially dissolved and esterified as the hyphae grow through the intercellular 
spaces. It is unclear whether this digestion is a result of Frankia or plant enzymes, or both 
(Liu & Berry, 1991; Brewin, 2004). The Elaeagnaceae and Rhamnaceae are infected by 
EAN1pec, EUN1f and other strains from Frankia clade III, which infect five families 
within the orders Fagales and Rosales (Racette & Torrey, 1989; Navarro et al., 1997; 
Clawson et al., 1998; Benson et al., 2004). 
 While the CSSP signal transduction pathway was originally described in model 
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papilionoid legumes that are infected through root hair curling and the formation of 
transcellular ITs, there is some evidence that this pathway is also induced in lineages that 
are infected intercellularly (Imanishi et al., 2011; Svistoonoff et al., 2013; Svistoonoff et 
al., 2014; Granqvist et al., 2015). D. glomerata (Cucurbitales) is infected intercellularly, 
and shows upregulation of CSSP genes such as CCAMK, CASTOR and CYCLOPS in 
nodules (Demina et al., 2013). In Parasponia (Cannabaceae, Rosales), the only non-
legume to nodulate with rhizobia, bacteria enter intercellularly, through cracks in the 
epidermis subjacent to the formation of multicellular root hairs (Lancelle & Torrey, 1984; 
Lancelle & Torrey, 1985). More than 80 genes induced during nodulation in Parasponia 
andersonii are homologous with those induced in M. truncatula, including multiple CSSP 
genes (van Velzen et al., 2017). P. andersonii also shows CSSP-mediated nuclear 
calcium spiking when exposed to bacterial nod signaling factors (Granqvist et al., 2015). 
Discaria trinveris, an intercellularly-infected actinorhizal shrub in the Rhamnaceae 
(Valverde & Wall, 1999), also appears to employ the CSSP during nodulation, as 
evidenced by its spontaneous formation of nodules when transformed to express 
autoactive ccamk (Imanishi et al., 2011). CCAMK is a central gene in the CSSP (Lévy et 
al., 2004), and autoactive ccamk mutants form spontaneous nodules in nodulating 
lineages that use the CSSP (Madsen et al., 2010; Svistoonoff et al., 2013). D. trinervis is 
in the family Rhamnaceae, sister to Elaeagnaceae, though nodules in D. trinervis and E. 
umbellata are independently derived (Li et al., 2015). 
Until now, there has been little research into the genetic basis of nodulation in the 
Elaeagnaceae, though some nodule-specific genes, including polyubiquitins, chitinases, a 
chalcone isomerase and an auxin-repressed protein, have been isolated from mature E. 
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umbellata nodules (Kim et al., 1999; Kim & An, 2002; An et al., 2005; Kim et al., 2007).  
It is not known whether the development of nodules in the Elaeagnaceae is mediated by 
genes homologous to those recruited in other nodulating lineages.  
This study uses RNA-seq methods to examine genes induced during Frankia 
exposure in Elaeagnus umbellata (Elaeagnaceae), an actinorhizal shrub native to Eastern 
Asia that is invasive in Eastern North America (Czarapata, 2005). It also aims to analyze 
the phylogenetic relationship of E. umbellata genes to those involved in nodulation in 
other lineages. In so doing, this study examines whether the independent origin of 
nodulation in the Elaeagnaceae involved recruitment of genes homologous with those 
mediating nodulation in other lineages, and whether these homologs are orthologs or 
paralogs. Fundamentally, this study aims to answer the question of whether nodules in E. 
umbellata are deeply homologous with those in other nodulating lineages. 
  
4.2 Methods 
 24 cuttings of an E. umbellata individual were collected on the grounds of 
Matthaei Botanical Gardens in Ann Arbor, Michigan. These cuttings were surface-
sterilized in 0.525% sodium hypoclorite solution for 10 minutes, rinsed with ddH2O and 
rooted using IBA rooting hormone in soil that was autoclave-sterilized with two cycles of 
30 minutes at 122 °C, and pots that were soaked in sodium hypoclorite for two hours. 
These cuttings were grown in a Thermo-Fisher 818 growth chamber at 25 °C with a 14 hr 
light/10 hr dark light cycle, and watered three times per week with ~200 ml of millipore 
deionized water. Test and control plants (12 each) were grown in identical conditions for 
180 days, at which point plants in the test condition were inoculated with 5 ml of Frankia 
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strain EUN1f suspended in fructose-NH4CL media. At 4 time points following 
inoculation - 24 hours, 48 hours, 1 week and 3 weeks - lateral and woody roots were 
collected from three inoculated and three control cuttings, washed in ddH2O, and 
immediately frozen in liquid nitrogen.  
 Total RNA was extracted from these tissue collections following the protocol of 
Kalinowska et al. (2012), and assessed for RNA concentration and purity using a 
Nanodrop 2000. Four control samples and 12 test samples had adequate RNA 
concentration (>20 ng/ul) and purity for cDNA library preparation. Total RNA samples 
were transferred to the University of Michigan DNA Sequencing Core for cDNA library 
preparation and RNA-seq. Strand-specific cDNA libraries with polyA-selection were 
prepared, and pooled libraries were sequenced on an Illumina HiSeq platform, with 50 bp 
paired-end reads. De-novo transcriptome assembly was conducted using TRINITY v3.3 
run on the Carbonate computer cluster at the Indiana University (Haas et al., 2013). 
Differential gene expression was examined using the edgeR package; because of 
mismatched time points of samples for which adequate RNA was present, analyses were 
conducted using only the 48 hour and 3 week timepoint, which had two matched test and 
control samples each. These were analyzed using the exact test comparing inoculated 
(test) plants vs. uninoculated (control) plants (Robinson & Smyth, 2008).  
 For nodulation genes of interest, including the CSSP, representative sequences 
were downloaded from NCBI Genbank following a literature review. Primary transcript 
nucleotide sequences from 29 species (Amborella trichocarpa, Aquilegia coerulea, 
Arabidopsis thaliana, Carica papaya, Citrus sinensis, Chenopodium quinoa, 
Chlamydomonas reinhardtii, Cucumis sativus, Daucus carota, Eucalyptus grandis, 
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Fragaria vesca, Glycine max, Gossypium raimondii, Malus domestica, Manihot 
esculenta, Marchantia polymorpha, Medicago truncatula, Mimulus guttatus, Musa 
acuminata, Oryza sativa, Phaseolus vulgaris, Physcomitrella patens, Populus 
trichocarpa, Prunus persica, Selaginella moellendorffii, Solanum lycopersicum, 
Trifolium pratense, Vitis vinifera, and Zea mays) were downloaded from JGI Phytozome 
(http://www.phytozome.jgi.doe.gov). Additionally all Lotus japonicus cds sequences 
were downloaded from the Kazusa DNA Research Institute 
(http://www.kazusa.or.jp/lotus/). A local BLAST+ database of these nucleotide sequences 
was assembled in order to search for homologs of nodulation genes of interest from 
NCBI, using an e-value cutoff of 1e-10. The resulting sequence files were used to search 
the full Trinity assembly of E. umbellata transcripts (using an e-value cutoff of 1e-20). 
The retrieved sequences were aligned with characterized sequences from this study and 
the literature, manually curated to remove truncated or duplicated sequences, and 
assembled into a maximum likelihood gene phylogeny using RAxML with 1000 
bootstrap replicates.  
Additionally, in order to gain more confidence in our phylogenetic results by 
replication and to use more conserved amino acid sequences to search more distantly 
related plant clades, E. umbellata transcripts were translated to amino acid sequences 
using TRANSDECODER (Haas et al., 2013). Amino acid sequences were downloaded 
from NCBI GenBank following a literature review, and were used to BLAST search a 
local BLAST+ database using blastp with an e-value cutoff of 1e-100. The resulting 
sequences were used to search the full Trinity translated assembly using blastp with an e-
value cutoff of 1e-100. These sequences were used to search the 1KP database to gain 
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greater phylogenetic coverage. The resulting amino acid sequence files were aligned with 
MUSCLE (Edgar, 2004) and maximum likelihood phylogenetic analysis was run on 
RAxML (Stamatakis, 2006) with 100 bootstrap replicates. These gene phylogenies allow 
for interpretation of evolutionary history of genes recruited independently for nodulation 
in E. umbellata. 
 
4.3 Results and Discussion 
Evolutionary History of Nodulation Genes 
This study represents the first transcriptomic examination of Frankia exposure in 
a species in the Elaeagnaceae. Thus, we analyzed the gene phylogenies of many 
assembled sequences to determine their relationship with genes involved in nodulation in 
other lineages, in order to assess the degree of deep homology between the Elaeagnaceae 
and other nodulating lineages. Because sampled tissue was from roots exposed to 
Frankia, we were able to assemble many Elaeagnus genes not captured in the 1KP 
dataset, which sampled young leaf tissue of Elaeagnus pungens (Fig. 4.2-4.4, Fig. 4.6-
4.13).  Our use of RNA-seq technology allowed for orders of magnitude more genetic 
sequence data over previous gene sequencing of E. umbellata nodules, which yielded less 
than a dozen genes (Kim et al., 1999; Kim & An, 2002; An et al., 2005; Kim et al., 
2007). Our transcriptome assembly recovered homologs of multiple genes mediating 
nodulation in other lineages, though few were significantly differentially expressed 
between inoculated and non-inoculated E. umbellata replicates in our dataset (Table 2). 
Understanding the evolutionary history of genes involved in nodulation in 
different lineages is crucial to understanding the origins of nodulation (Taylor & Qiu, 
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2017; van Velzen et al., 2018). Accordingly, we constructed gene phylogenies of 13 
genes involved in nodulation in other lineages, using the phytozome and 1KP sequence 
databases to create wide taxonomic sampling to identify the evolutionary history of these 
genes across the land plant phylogeny, including the phylogenetic distribution of 
duplications and losses of these genes. By including gene sequences of E. umbellata 
homologs from our transcriptome assembly to these gene trees, we were able to provide 
valuable information from an independently nodulating lineage from which these gene 
sequences were not previously available. Gene phylogenies for most CSSP genes were 
largely congruent with the species phylogeny, supporting the idea that CSSP genes are 
generally vertically inherited as single-copy orthologs with relatively few duplications 
(Markmann et al., 2008; Oldroyd, 2013). We did find an exception to this vertical 
inheritance: in the subtilase gene family, different paralogs were recruited for nodulation 
in different nodulating lineages (Fig. 4.1; Taylor & Qiu, 2017). Finally, our E. umbellata 
NIN and RPG sequences confirmed van Velzen’s (2018) finding of widespread loss of 
these genes in non-nodulating lineages of the NFC by providing the only other sequence 
data from a nodulating lineage in the Rosales. 
 
E. umbellata Subtilases 
 Subtilases are a large family of proteases that are involved in protein turnover in a 
variety of processes in land plants, including symbiotic interactions (Schaller et al., 
2012). This family expanded rapidly through several rounds of duplications early in the 
angiosperms, yielding multiple lineages in the SBT1 subfamily that mediate a variety of 
symbiotic interactions (Taylor & Qiu, 2017), including pathogenesis, AM and nodulation 
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(Tornero et al., 1996; Laplaze et al., 2000; Takeda et al., 2009). Subtilases have been 
shown to be involved in nodulation in both the rhizobial legume Lotus japonicus (Takeda 
et al., 2009) and the actinorhizal Alnus glutinosa, Allocasuarina verticillata, and 
Casuarina glauca (Fagales) (Laplaze et al., 2000).  
We previously reported that the subtilases recruited for nodulation in the Fagales 
(Laplaze et al., 2000) and the Fabales (Takeda et al., 2009) are paralogous to one another, 
having diverged early in angiosperm evolution (Taylor & Qiu, 2017). Our subtilase 
phylogeny here replicates this finding with different taxon sampling and using nucleotide 
rather than amino acid sequence data (Fig. 4.1). Further, a subtilase transcript assembled 
from our E. umbellata transcriptome is orthologous with LjSBTM4 (Fig. 4.1B; 87% BS), 
a subtilase required for proper nodulation in Lotus japonicus (Takeda et al., 2009). We 
found no subtilase transcripts orthologous with Alnus glutinosa AG12 nor Casuarina 
glauca CG12 (Fig. 4.1C). 
Subtilases are involved in transcellular IT development during nodulation in both 
actinorhizal Fagales and rhizobial legumes (Svistoonoff et al., 2003; Takeda et al., 2009). 
However, E. umbellata does not form transcellular ITs, instead being infected through the 
middle lamella of epidermal cells, with Frankia hyphae growing through the apoplastic 
space between cortical cells towards the nodule primordium (Miller & Baker, 1985; 
Racette & Torrey, 1989). Demina et al. (2013) found a similar pattern in examining the 
transcriptome of D. glomerata (Cucurbitales), which is also intercellularly infected but 
also showed upregulation of several genes associated with IT formation, including 
VAPYRIN. Several other IT related genes, such as lectin and expansin, were also 
differentially expressed following Frankia inoculation (Table 4.1). Intercellularly 
	 130	
infected plants still deposit plant cell wall material around the infecting nodule bacteria, 
and actinorhizal nodulators form IT-like sheaths around Frankia hyphae as they infect 
nodule cells (Brewin et al., 2004; Pawlowski & Demchenko, 2012); perhaps this E. 
umbellata SBTM4 is involved in this restructuring of plant cell wall components in the 
apoplastic space. 
 Furthermore, it is surprising that the E. umbellata subtilase would be orthologous 
with the legume LjSBTM4 rather than CG12, the subtilase involved in IT development in 
actinorhizal C. glauca. IT formation in legumes and actinorhizal species is quite 
different: actinorhizal ITs (sometimess called “invasive hyphae”) have no IT matrix, and 
the bacteria are instead in direct contact with the wall of the IT lumen (Pawlowski & 
Demchenko, 2012). The fact that the actinorhizal E. umbellata recruited a separate, 
distantly related paralog to the actinorhizal C. glauca copy constitutes further evidence 
that these symbioses evolved independently (Doyle, 1994). However, there is 
transcriptional conservation between SBTM4 and CG12; transgenic M. truncatula 
expresses CG12 in IT formation (Svistoonoff et al., 2003; Svistoonoff et al., 2004). Thus, 
the differential recruitment of different subtilase paralogs provides a potential counter-
example to the “ortholog conjecture,” the idea that orthologous genes are more likely to 
have similar functions than paralogous genes (Gabaldon & Koonin, 2013). 
 
The CSSP Genes 
We assembled E. umbellata orthologs of the CSSP nuclear pore components 
NUP85, NUP133, and NENA, and both nucleotide and amino acid-based phylogenies 
show strong congruence between the gene and species phylogeny, indicating vertical 
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inheritance of these single-copy orthologs. We recovered NUP85 and NUP133 sequences 
from across the land plants, constructing the most extensive phylogeny of these genes to 
date and replicating findings for other CSSP genes of vertical inheritance without 
retained duplications (Figs. 4.2, 4.3). The gene phylogeny of NUP85 sequences is 
congruent with the species phylogeny; our assembled E. umbellata transcript is in a 
monophyletic clade with other sequences in the Rosales (94% BS, Fig. 4.2A), and shows 
the correct topology within that clade, with the E. umbellata sequence as sister to two 
sequences in Rhamnus species, the most closely related in the dataset (Fig. 4.2A). All 
NUP85 sequences from the NFC also form a monophyletic group, though with low 
bootstrap support (19% BS). The gene phylogeny of NUP133 is also largely congruent 
with the species phylogeny, and our assembled E. umbellata ortholog is monophyletic 
with all other Rosales homologs (95% BS, Fig. 4.3A). All NFC NUP133 homologs are 
monophyletic (79% BS, Fig. 4.3A). Our NENA gene phylogeny also showed vertical 
inheritance with no conserved paralogs (Fig. 4.4). Our assembled E. umbellata NENA 
transcript is orthologous to those in the Rosaceae (Fig. 4.4; 38% BS).  
Our gene phylogeny of LysM-RKs supports previous findings that LjNFR1 is an 
ortholog of AtCERK1 (Fig. 4.5A), and Parasponia NFP is orthologous to NFR5 with 
100% BS (Fig. 4.5B; Nakagawa et al., 2011; Streng et al., 2011; Op den Camp et al., 
2011). Our assembly uncovered several E. umbellata LysM-RKs, including one 
orthologous with NFR1 with weak support (56% BS; Fig. 4.5A). If this weakly-supported 
relationship is real, it would be surprising, since Frankia does not appear to produce LCO 
signals; actinorhizal signal receptors likely belong to a different family (Markmann & 
Parniske, 2009; Chabaud et al., 2016). Eurosid SYMRK sequences, which contain a third 
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LRR motif (Markmann et al., 2008), formed a clade with weak support (36% BS), and 
within that clade we found weak bootstrap support for orthogroups of the NFC (25% BS). 
Within the NFC, there were monophyletic orthogroups in the Fabales (94% BS), 
Cucurbitales (99% BS), and Rosales (84%), including our assembled E. umbellata 
SYMRK transcript (Fig. 4.6).  
Our phylogeny supports the antiquity of the paralogous ion channels CASTOR 
and POLLUX, which diverged before the divergence of angiosperms and gymnosperms 
(Fig. 4.7; Chen et al., 2009; Wang et al., 2010; Delaux et al., 2013). Both orthologous 
gene lineages contain orthologs from the basal angiosperm Amborella trichopoda as well 
as several gymnosperms, rendering the CASTOR lineage older than the previously 
reported angiosperm origin (Delaux et al., 2013). For the most part, the phylogeny of 
both paralogs is congruent with the species phylogeny, showing a history of vertical 
inheritance, though several major lineages are incongruent with the species phylogeny or 
show very low bootstrap support due to high levels of sequence conservation leading to a 
lack of ancestry informative sites (Fig. 4.7). Our assembled E. umbellata POLLUX was 
monophyletic with all other POLLUX orthologs in the Rosales (84% BS), though our 
gene phylogeny showed low support (9% BS) for an NFC POLLUX orthogroup (Fig. 7). 
Our MCA8 phylogeny showed a duplication event likely in the common ancestor of 
angiosperms, and another one within rosids (Fig. 4.8). Due to lack of gymnosperm and 
basal eudicot sequences, the exact timing of these duplication events is difficult to 
pinpoint at this stage, even though the recovered tree topology is well supported. Our 
assembled E. umbellata sequences fall into the three clades derived from these dupliction 
events, and one is orthologous to MtMCA8, a calcium ATPase pump required for calcium 
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spiking in M. truncatula (Fig. 4.8B; Capoen et al., 2011). Interestingly, in the paralogous 
lineage that was derived from the duplication in early rosids, there were no sequences 
from the Fabales. Given the number of legume proteomes and transcriptomes searched in 
this analysis and the presence of homologs from the Rosales, Fagales and Cucurbitales, 
the absence of the sequence is most likely an indication of loss of the paralog in legumes 
or even Fabales, possibly indicating some legume-specific selection against retaining this 
gene.  
The gene phylogenies of CCAMK and CYCLOPS were largely congruent with 
species phylogenies, suggesting vertical inheritance as a single-copy ortholog in both 
genes (Fig. 4.9, Fig. 4.13), as previously reported (Wang et al., 2010). Our assembled E. 
umbellata CYCLOPS transcript was monophyletic with all CYCLOPS orthologs from the 
Rosales (97% BS), and the NFC CYCLOPS forms a weakly-supported clade (19% BS). 
Our CCAMK phylogeny largely followed the species phylogeny for major groups, for 
example supporting a monophyletic CCAMK orthogroup in the Fabaceae (95% BS, Fig 
4.9), and replicated the findings of Wang et al. (2010) and Delaux et al. (2013) showing 
CCAMK as an ancient, vertically inherited gene dating back to charophyte algae. CCAMK 
in the Rosales was not resolved as a monophyletic group, however, and non-legume NFC 
came out as a poorly-supported grade (Fig. 4.9). Our assembled E. umbellata CCAMK 
was in a small, poorly supported clade with Cucumis sativa and Carica papaya 





Genes Downstream of the CSSP 
The aquaporin nodulin-26 (NIP2) is expressed in Glycine max during nodulation 
and is a component of the symbiosome membrane (Rivers et al., 1997). NOD26/NIP2 is 
also implicated in AM symbiosis, and may be involved in ammonia uptake, based on 
yeast complementation data (Uehlein et al., 2007). Our NOD26/NIP2 phylogeny was 
generally congruent with the species phylogeny, but with weak bootstrap support 
throughout (Fig. 4.10), perhaps owing to the documented pattern of conservation of the 
NPA domain and extreme divergence of other regions in this gene family (Liu et al., 
2009). Our transcriptome assembly recovered an E. umbellata NOD26 homolog which 
was monophyletic with several other Rosales NOD26 homologs with weak support (15% 
BS). Despite incongruence between species and genes trees, our E. umbellata NOD26 
homolog tentatively appears to be orthologous to legume NOD26, as our BLAST search 
of several full genomes in the Rosaceae did not retrieve any more closely related 
Rosaceous aquaporin clades (Fig. 4.10). 
Our NLP/NIN phylogeny largely agrees with the results of Soyano & Hayashi’s 
(2014) neighbor-joining tree of amino acid sequences, which found a eudicot NIN/NLP1 
clade forming a monophyletic group with non-eudicot angiosperm NLP1 sequences (Fig. 
4.11). However, we found that eudicot NIN/NLP1 actually consisted of two paralogous 
lineages that likely duplicated and diverged early in eudicot evolution, with homologs 
from the basal eudicots Nelumbo sp. (Proteales) and Buxus sempervierns (Buxales) as 
outgroup (Fig. 4.11). We found NFC NIN to be orthologous with A. thaliana NLP1 
(AtNLP1); this orthologous lineage is confined to eudicots, with a homolog from Dillenia 
indica in the basal position (Fig. 4.11D; 100% BS). Within this lineage, NIN is 
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orthologous with other NLP1 homologs; only one NFC orthogroup is represented in the 
NIN/NLP1 lineage, rather than the two that would be expected if NIN represented an 
NFC-specific paralog (Fig. 4.11D). We found that the genes previously identified as 
“NLP1” in Lotus japonicus and Trema levigata are in a separate rosid-specific lineage 
orthologous with A. thaliana NLP4 and NLP5 (100% BS), replicating a previous tentative 
finding of a parsimony phylogeny of 16 NIN-like proteins (Schauser et al., 2005); we 
called this lineage NLP1.2. These two paralogous lineages (eudicot NLP1 and rosid 
AtNLP1.2) were co-orthologous with Oryza sativa NLP1, and together this NLP1 
orthologous lineage (100% BS) arose during the origin of angiosperms, since it included 
an ortholog from the basalmost angiosperm Amborella trichopoda but no non-
angiosperms (Fig. 4.11). Aside from NIN in the NFC, none of the functions of the genes 
in this clade are known. A. thaliana NLP6 and NLP7 are transcriptional regulators 
involved in nitrate response (Castaings et al., 2009; Yonishi et al., 2013), and these genes 
were orthologous to Oryza sativa NLP3, in a lineage including gymnosperm orthologs 
(85% BS, Fig. 4.11). 
Our assembled E. umbellata NIN transcripts are monophyletic (100% BS) with all 
NIN sequences characterized as involved in nodulation: Lotus japonicus NIN and 
Casuarina glauca NIN (Fagales), which have been shown to be required for nodulation 
(Schauser et al., 1999; Clavijo et al., 2015), and Parasponia andersonii NIN and Datisca 
glomerata NIN, shown to be induced during nodulation (Demina et al., 2013; van Velzen 
et al., 2018). The NIN orthogroup has few orthologs from non-nodulating species (Fig. 
4.11D), other than an intact Ziziphus jujube sequence, as well as Trema spp. and Prunus 
persica sequences that van Velzen et al. (2018) found to be pseudogenized. In this 
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respect, our phylogeny almost exactly replicated the findings of van Velzen et al., (2018), 
suggesting loss of the NIN paralog in non-nodulating lineages. However, we did find 
three additional NIN sequences from non-nodulating lineages sequenced as part of the 
1KP project: Rhamnus caroliniana, Cannabis sativa, and Ficus religiosa, sampled from 
young leaves, stem tissue, and leaf tissue, respectively – each of these sequences appears 
as truncated in our amino acid alignment, replicating the findings of van Velzen et al., 
(2018). However, it should be noted the NIN itself is orthologous in evolutionary history, 
if not identical in function, to the NLP1 genes found in other eudicots, and is not an NFC-
specific paralog (Fig. 4.11D) 
RPG, a gene involved in polar growth of ITs in M. truncatula (Arrighi et al., 
2008), has been shown to be repeatedly lost in non-nodulating lineages of the NFC (van 
Velzen et al., 2018). Our RPG gene phylogeny replicates this finding (Fig. 4.12), with a 
monophyletic group of RPG orthologs from only nodulating lineages of the NFC (84% 
BS), with the exception of Trema orientalis, which has a pseudogenized copy of this gene 
(van Velzen et al., 2018). Again, this NFC RPG lineage does not represent an NFC-
specific paralog, and its position in the gene phylogeny is roughly congruent the position 
of the NFC in the species phylogeny, suggesting that RPG orthologs are retained in many 
non-nodulating lineages (Fig. 4.12).  
 
Differential Gene Expression 
 No nodules or root swellings were observed on the roots of Frankia-inoculated E. 
umbellata cuttings; however, this study was designed to capture early signaling events in 
nodulation, and three weeks may not have been sufficient time for nodules to form (Wall 
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& Berry, 2007).  Because of mismatched timepoints in samples with sufficient RNA for 
sequencing, only four control samples (2 at 48 hours and 2 at 3 weeks) were compared, 
using an exact test (Robinson & Smyth, 2008). Accordingly, differential gene expression 
should be considered with substantial caution. Several genes related to those involved in 
nodulation in other lineages were significantly differentially expressed (Table 4.1, Table 
4.2). Several genes involved in nodule bacterial accommodation and formation of 
fixation threads were significantly differentially expressed, including polygalacturonase, 
lectin, peroxidase and expansin (Table 4.1). E. umbellata does not form transcellular ITs, 
but does form IT-like elements around infected cells. IT thread gene homologs were also 
found to be upregulated in Datisca glomerata, another intercellularly-infected 
actinorhizal species (Demina et al., 2013). We found significant downregulation of two 
E. umbellata ABC transporter genes (Table 4.1). ABC transporters are downregulated 
during nodulation in M. truncatula, as part of a suppression of defense responses 
(Limpens et al., 2013).  
 
4.4 Conclusion 
Despite not forming ITs during infection, our E. umbellata transcriptome showed 
significant differential expression of several genes implicated in IT growth during 
infection in other lineages, such as a lectin protein kinase and polygalacturonase (Table 1, 
Brewin, 2004). Further, we assembled several genes implicated in IT growth, such as 
RPG and subtilases (Arrighi et al., 2008; Takeda et al., 2009). Demina et al. (2013) 
found similar results in the nodulation transcriptome of Datisca glomerata, suggesting 
that the deposition of cell wall-like material in the apoplastic space during infection 
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might have a similar genetic basis to infection by means of transcellular infection threads. 
There have been many transitions between intracellular and intercellular infection 
mechanisms in the legumes (Sprent, 2001), and some nodulating species can switch 
infection modes based on stress (Goormachtig et al., 2004). More research into the 
genetic basis of intercellularly-infected nodulating plant lineages could resolve the 
question of how much genetic similarity there is between these infection modes 
(Sinharoy et al., 2009; Imanishi et al., 2009). 
Nodulation is a complex trait that evolved multiple times independently, by 
repeated recruitment of homologous genes to serve convergent functions (Doyle, 2011). 
However, studies of the genetic basis of nodulation have focused on just a few model 
lineages, and it remains unclear whether each instance of nodulation involved recruitment 
of the same homologous genes (Pawlowski et al., 2011; Svistoonoff et al., 2014). This 
study of the E. umbellata transcriptome assembled multiple homologs of many genes 
which have been shown to be involved in nodulation in other lineages. Phylogenetic 
analyses of these sequences provided clear evidence to support that in most genes, 
including NUP85, NUP133, NENA, LysM-RK, SYMRK, CASTOR, POLLUX, MCA8, 
CCAMK, NOD26, NIN, RPG, and CYCLOPS, orthologous sequences to the genes with 
characterized functions in legumes and non-legumes are present in E. umbellata.  
In the case of subtilases, however, different paralogs have been recruited in 
different lineages (Taylor & Qiu, 2017). Surprisingly, our assembled E. umbellata 
subtilase sequence was orthologous to those in legumes with rhizobia symbionts, but 
paralogous to those in another actinorhizal lineage, Fagales, with Frankia symbionts (Fig. 
1). This example shows that the homologous genes independently recruited for 
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nodulation in different lineages are not always orthologs. It provides both evidence of the 
non-homology of nodulation in different lineages (Doyle, 1994), and also points to the 
possible functional equivalence of different paralogous genes (Svistoonoff et al., 2003; 
Svistoonoff et al., 2004). Our phylogenetic analyses of these E. umbellata genes as well 
as a large number of other plant sequences also identified new gene clades and revealed 
previously unknown gene dupication events. How these dupicated genes are involveed in 
nodulation, especially in poorly studied actinorhizal lineages, requires further 
investigation in future studies. Overall, these gene histories add to our understanding of 
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Table 4.1. Expression profiles of E. umbellata transcripts that are significantly 
differentially expressed in our pooled timepoints exact test and their closest 









best hit Protein Name 
DN188540_c2_g1 -14.55 3.55E-20 2.32E-17 AT4G08150.1 
Homeobox domain 
containing protein 
DN192889_c1_g2 -11.77 4.57E-20 2.88E-17 AT1G61800.1 
phosphate/phosphate 
translocator 
DN195723_c0_g2 -13.97 5.67E-20 3.38E-17 AT4G38400.1 expansin 
DN191329_c1_g4 10.59 1.56E-18 8.71E-16 AT4G32300.1 
lectin protein kinase 
family protein 
DN196288_c1_g1 -12.44 2.84E-18 1.49E-15 AT2G37130.1 peroxidase 
DN192452_c0_g1 11.06 2.78E-17 1.32E-14 AT3G28860.1 
multidrug resistance 
protein 
DN193539_c1_g2 -9.29 1.36E-13 4.22E-11 AT3G51895.1 sulfate transporter 
DN192314_c4_g2 -6.58 2.91E-12 7.65E-10 AT5G05340.1 peroxidase precursor 
DN191992_c1_g1 -6.22 1.75E-11 4.28E-09 AT1G48100.1 polygalacturonase 
DN185850_c1_g3 -5.43 9.27E-11 2.10E-08 AT3G53960.1 
peptide transporter 
PTR2 
DN194615_c6_g1 -8.50 1.50E-10 3.30E-08 AT4G21760.1 
monolignol beta-
glucoside 
DN192205_c0_g2 -5.22 1.58E-10 3.40E-08 AT4G18910.1 aquaporin 
DN195696_c1_g2 -5.58 2.60E-10 5.35E-08 AT2G19070.1 
transferase family 
protein 
DN189437_c2_g4 5.75 1.97E-09 3.62E-07 AT3G18180.1 glycosyltransferase 
DN195410_c2_g4 -3.91 1.94E-08 2.80E-06 AT2G01770.1 
integral membrane 
protein 




DN192580_c1_g1 -3.85 2.77E-08 3.88E-06 AT3G61490.1 polygalacturonase 
DN189573_c6_g3 -4.42 1.14E-07 1.41E-05 AT1G08290.1 C2H2 zinc finger protein 
DN184020_c0_g1 -6.16 1.35E-07 1.65E-05 AT2G29380.1 protein phosphatase 2C 
DN193565_c3_g7 -3.55 1.38E-07 1.67E-05 AT5G52860.1 ABC-2 type transporter 
DN196328_c2_g1 -3.41 1.42E-07 1.71E-05 AT1G22710.1 sucrose transporter 
DN191442_c4_g1 -3.34 1.56E-07 1.82E-05 AT5G24930.1 
CCT/B-box zinc finger 
protein 
DN193716_c1_g1 -3.31 1.63E-07 1.91E-05 AT1G69780.1 
homeobox associated 
leucine zipper 
DN187322_c3_g1 -6.28 1.92E-07 2.20E-05 AT1G25530.1 amino acid transporter 
DN191444_c7_g2 -4.04 2.68E-07 2.93E-05 AT2G13610.1 ABC-2 type transporter 





Table 4.2. Expression profiles on E. umbellata transcripts homologous to genes involved 
in nodulation in other lineages in our pooled timepoints exact test 
 






NOD26 DN192205_c0_g2 -5.22 1.58E-10 3.40E-08 
NSHB1 DN193242_c0_g2 -3.02 1.96E-06 0.0002 
CASTOR DN194038_c0_g1 1.01 0.0020 0.0449 
SBTS DN194728_c0_g2 -1.02 0.0055 0.0938 
vapyrin DN190823_c1_g1 0.70 0.0094 0.1349 
CYCLOPS DN197191_c1_g1 0.73 0.0128 0.1663 
NFR1 DN194536_c1_g3 0.34 0.0683 0.4508 
NIN DN195843_c2_g2 0.32 0.0919 0.5157 
SYMRK DN195580_c2_g3 0.25 0.1302 0.5997 
CCAMK DN193510_c1_g1 0.19 0.1929 0.6992 
NSP2 DN189172_c1_g4 0.09 0.3487 0.8398 
RPG DN191061_c0_g1 0.19 0.3496 0.8398 
POLLUX DN189268_c0_g2 0.11 0.3657 0.8486 
SBTM1 DN196250_c1_g1 -0.03 0.6021 0.9327 
NUP133 DN192647_c1_g2 0.02 0.6602 0.9448 
NUP85 DN191961_c1_g1 -0.01 0.8534 0.9797 





















































































































































































































































Figure 4.1A: Gene phylogeny of plant 
subtilase homologs, showing phylogenetic 
distribution of different subtilase paralogous 
lineages. Genes involved in nodulation marked 
with red arrows, relevant E. umbellata genes 
marked with green arrows. Nucleotide 
sequences with accession numbers retrieved 
from NCBI GenBank, Elaeagnus umbellata 
cDNA sequences from transcriptome assembly, 
sequences 8-digit pacid from our local BLAST+ 
database, downloaded from Phytozome 
primary transcript cds annotations. Lotus 
japonicus sequences from our local BLAST+ 
database, downloaded from Kazusa Institute 
database. 





































































































































































































Figure 4.1B: Gene phylogeny of 
plant subtilase homologs,showing 
phylogenetic distribution of 
different subtilase paralogous 
lineages.. Genes involved in nodula-
tion marked with red arrows, 
relevant E. umbellata genes marked 
with green arrows. Nucleotide 
sequences with accession numbers 
retrieved from NCBI GenBank, 
Elaeagnus umbellata cDNA 
sequences from transcriptome 
assembly, sequences 8-digit pacid 
from our local BLAST+ database, 
downloaded from Phytozome 
primary transcript cds annotations. 
Lotus japonicus sequences from our 
local BLAST+ database, downloaded 
from Kazusa Institute database. 








































































































































































































Figure 4.1C: Gene phylogeny of 
plant subtilase homologs,  show-
ing phylogenetic distribution of 
different subtilase paralogous 
lineages. Genes involved in 
nodulation marked with red 
arrows, relevant E. umbellata 
genes marked with green arrows. 
Nucleotide sequences with 
accession numbers retrieved from 
NCBI GenBank, Elaeagnus umbel-
lata cDNA sequences from 
transcriptome assembly, sequenc-
es 8-digit pacid from our local 
BLAST+ database, downloaded 
from Phytozome primary 
transcript cds annotations. Lotus 
japonicus sequences from our 
local BLAST+ database, download-
ed from Kazusa Institute database. 





























































































































































































Figure 4.2A: Gene phyloge-
ny NUP85 orthologs, 
showing orthology of 
Elaeagnus umbellata NUP85 
with Lotus japonicus NUP85. 
Genes involved in nodula-
tion marked with red arrows, 
relevant E. umbellata genes 
marked with green arrows. 
Amino acid sequences with 
accession numbers retrieved 
from NCBI GenBank, E. 
umbellata sequences from 
translated transcriptome 
assembly, sequences with 
8-digit pacid from our local 
BLAST+ database, down-
loaded from Phytozome 
proteomes, sequences with 



























































































































































































Figure 4.2B: Gene phylogeny of land plant NUP85 orthologs, showing congruence of gene phylogeny with species 
phylogeny and vertical inheritance. Amino acid sequences with accession numbers retrieved from NCBI GenBank, 
Elaeagnus umbellata sequences from translated transcriptome assembly, sequences with 8-digit pacid from our local 































































































































































































































































ene phylogeny of land plant NUP85 
orthologs, show
ing congruence of gene phylogeny 
w
ith species phylogeny and vertical inheritance 
(cont). Am
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Figure 4.3A: Gene phylogeny of land plant 
NUP133 homologs, showing congruence of 
gene phylogeny with species phylogeny and 
vertical inheritance.  Genes involved in 
nodulation marked with red arrows, relevant 
E. umbellata genes marked with green arrows. 
Amino acid sequences with accession 
numbers retrieved from NCBI GenBank, E. 
umbellata sequences from translated 
transcriptome assembly, sequences with 
8-digit pacid from our local BLAST+ database, 
downloaded from Phytozome proteomes, 








































































































































































































































































































Figure 4.3B: Gene phylogeny of land 
plant NUP133 homologs, showing 
congruence of gene phylogeny with 
species phylogeny and vertical 
inheritance (cont.) Amino acid 
sequences with accession numbers 
retrieved from NCBI GenBank, E. 
umbellata sequences from translated 
transcriptome assembly, sequences 
with 8-digit pacid from our local 
BLAST+ database, downloaded from 
Phytozome proteomes, sequences 


















































































































































































































































































































































































Figure 4.3C: Gene phylogeny of land plant 
NUP133 homologs, showing congruence of 
gene phylogeny with species phylogeny 
and vertical inheritance (cont.) Amino acid 
sequences with accession numbers 
retrieved from NCBI GenBank, E. umbellata 
sequences from translated transcriptome 
assembly, sequences with 8-digit pacid 
from our local BLAST+ database, down-
loaded from Phytozome proteomes, 
sequences with “1KP” in name from blastp 











































































































































































































Figure 4.4A : Gene phylogeny of plant 
NENA orthologs, showing congruence 
of gene phylogeny with species 
phylogeny and vertical inheritance. 
Genes involved in nodulation marked 
with red arrows, relevant E. umbellata 
genes marked with green arrows. 
Amino acid sequences with accession 
numbers retrieved from NCBI 
GenBank, Elaeagnus umbellata 
sequences from translated transcrip-
tome assembly, sequences with 8-digit 
pacid from our local BLAST+ database, 
downloaded from Phytozome 
proteomes, sequences with “1KP” 


























































































































































































































Figure 4.4B : Gene phylogeny of plant NENA 
orthologs, showing congruence of gene 
phylogeny with species phylogeny and vertical 
inheritance (cont.). Amino acid sequences with 
accession numbers retrieved from NCBI 
GenBank, Elaeagnus umbellata sequences from 
translated transcriptome assembly, sequences 
with 8-digit pacid from our local BLAST+ 
database, downloaded from Phytozome 



















































































































Figure 4.4C : G
ene phylogeny of plant NENA 
orthologs, show
ing congruence of gene 
phylogeny w
ith species phylogeny and 
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Figure 4.5A: Gene phylogeny of plant LysM-RK 
homologs, showing phylogenetic distribution of 
different LysM-RK paralogous lineages. Genes 
involved in nodulation marked with red arrows, 
genes defining clades marked with blue arrows, 
relevant E. umbellata genes marked with green 
arrows. Nucleotide sequences with accession 
numbers retrieved from NCBI GenBank, Elaeagnus 
umbellata cDNA sequences from transcriptome 
assembly, sequences 8-digit pacid from our local 
BLAST+ database, downloaded from Phytozome 
primary transcript cds annotations. Lotus japonicus 
sequences from our local BLAST+ database, down-
loaded from Kazusa Institute database. 






































































































































































































































































Figure 4.5B: Gene phylogeny of plant 
LysM-RK homologs, showing phyloge-
netic distribution of different LysM-RK 
paralogous lineages. Genes involved in 
nodulation marked with red arrows, 
genes defining clades marked with blue 
arrows, relevant E. umbellata genes 
marked with green arrows. Nucleotide 
sequences with accession numbers 
retrieved from NCBI GenBank, Elaeagnus 
umbellata cDNA sequences from 
transcriptome assembly, sequences 
8-digit pacid from our local BLAST+ 
database, downloaded from Phytozome 
primary transcript cds annotations. 
Lotus japonicus sequences from our 
local BLAST+ database, downloaded 
from Kazusa Institute database. 



























































































































































Figure 4.6A : Gene phylogeny of plant SYMRK 
orthologs, showing congruence of gene 
phylogeny with species phylogeny and 
vertical inheritance. Genes involved in nodula-
tion marked with red arrows, relevant E. 
umbellata genes marked with green arrows. 
Amino acid sequences with accession 
numbers retrieved from NCBI GenBank, 
Elaeagnus umbellata sequences from translat-
ed transcriptome assembly, sequences with 
8-digit pacid from our local BLAST+ database, 
downloaded from Phytozome proteomes, 
sequences with “1KP” from1KP amino acid 
database













































































































































Figure 4.6B: Gene phylogeny of plant SYMRK 
orthologs, showing congruence of gene 
phylogeny with species phylogeny and 
vertical inheritance. Amino acid sequences 
with accession numbers retrieved from NCBI 
GenBank, Elaeagnus umbellata sequences 
from translated transcriptome assembly, 
sequences with 8-digit pacid from our local 
BLAST+ database, downloaded from Phyto-
zome proteomes, sequences with “1KP” 
from1KP amino acid database


















































































































































































































































































































Figure 4.7A : Gene phylogeny of 
plant CASTOR orthologs, showing 
congruence of gene phylogeny with 
species phylogeny and vertical 
inheritance. Genes involved in 
nodulation marked with red arrows, 
relevant E. umbellata genes marked 
with green arrows. Amino acid 
sequences with accession numbers 
retrieved from NCBI GenBank, 
Elaeagnus umbellata sequences from 
translated transcriptome assembly, 
sequences with 8-digit pacid from 
our local BLAST+ database, down-
loaded from Phytozome proteomes, 
sequences with “1KP” from1KP amino 
acid database




































































































































Figure 4.7B : G
ene phylogeny of plant CASTO
R ortho-
logs, show
ing congruence of gene phylogeny w
ith 
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Figure 4.7C: Gene phylogeny of plant POLLUX 
orthologs, showing congruence of gene 
phylogeny with species phylogeny and 
vertical inheritance. Genes involved in 
nodulation marked with red arrows, relevant 
E. umbellata genes marked with green arrows. 
Amino acid sequences with accession 
numbers retrieved from NCBI GenBank, 
Elaeagnus umbellata sequences from translat-
ed transcriptome assembly, sequences with 
8-digit pacid from our local BLAST+ database, 
downloaded from Phytozome proteomes, 
sequences with “1KP” from1KP amino acid 
database






































































































































































































Figure 4.8A : Gene phylogeny of plant MCA8 homologs, showing phylogenetic distribution of paralogous gene 
lineages. Amino acid sequences with accession numbers retrieved from NCBI GenBank, Elaeagnus umbellata 
sequences from translated transcriptome assembly, sequences with 8-digit pacid from our local BLAST+ 























































































































































































































































































































































































































































































































































































Figure 4.8B : Gene phylogeny of plant MCA8 
homologs.Genes involved in nodulation marked 
with red arrows, relevant E. umbellata genes 
marked with green arrows.  Amino acid sequences 
with accession numbers retrieved from NCBI 
GenBank, Elaeagnus umbellata sequences from 
translated transcriptome assembly, sequences with 
8-digit pacid from our local BLAST+ database, 
downloaded from Phytozome proteomes, sequenc-
























































































































































































































































































































































































Figure 4.9: Gene phylogeny of plant CCAMK 
homologs, showing antiquity and vertical 
inheritance of CCAMK. Genes involved in 
nodulation marked with red arrows, relevant E. 
umbellata genes marked with green arrows. 
Amino acid sequences with accession numbers 
retrieved from NCBI GenBank, Elaeagnus 
umbellata sequences from translated transcrip-
tome assembly, sequences with 8-digit pacid 
from our local BLAST+ database, downloaded 
from Phytozome proteomes, sequences with 



























































































































































































































Figure 4.10A : Gene phylogeny of plant NOD26/NIP 
homologs. Genes involved in nodulation marked with red 
arrows, genes defining clades marked with blue arrows, 
relevant E. umbellata genes marked with green arrows. 
Amino acid sequences with accession numbers retrieved 
from NCBI GenBank, Elaeagnus umbellata sequences from 
translated transcriptome assembly, sequences with 8-digit 
pacid from our local BLAST+ database, downloaded from 




























































































































































































































































































































































































Figure 4.10B : Gene phylogeny of plant NOD26/NIP 
homologs. Genes involved in nodulation markedwith red 
arrows, genes defining clades markedwith blue arrows, 
relevant E. umbellata genes marked with green arrows. 
Amino acid sequences with accession numbers retrieved 
from NCBI GenBank, Elaeagnus umbellata sequences from 
translated transcriptome assembly, sequences with 8-digit 
pacid from our local BLAST+ database, downloaded from 



















































































































































































































































































































































































































Figure 4.11A : Gene phylogeny of plant NIN/NLP homologs, showing orthology of Elaeagnus umbellata NIN with NIN in 
other nodulating clades. Genes involved in nodulation markedwith red arrows, genes defining clades markedwith blue 
arrows, relevant E. umbellata genes marked with green arrows. Amino acid sequences with accession numbers retrieved 
from NCBI GenBank, Elaeagnus umbellata sequences from translated transcriptome assembly, sequences with 8-digit 




































































































































































































































































































































































































































































Figure 4.11B : Gene phylogeny of plant NIN/N-
LP homologs, showing orthology of Elaeagnus 
umbellata NIN with NIN in other nodulating 
clades. Genes involved in nodulation marked-
with red arrows, genes defining clades marked-
with blue arrows, relevant E. umbellata genes 
marked with green arrows. Amino acid 
sequences with accession numbers retrieved 
from NCBI GenBank, Elaeagnus umbellata 
sequences from translated transcriptome 
assembly, sequences with 8-digit pacid from 
our local BLAST+ database, downloaded from 
Phytozome proteomes, sequences with “1KP” 




























































































































































































































4.11BFigure 4.11C : Gene phylogeny of plant NIN/NLP homologs, 
showing phylogenetic distribu-
tion of paralogous gene lineages. 
Genes involved in nodulation 
markedwith red arrows, genes 
defining clades markedwith blue 
arrows, relevant E. umbellata 
genes marked with green arrows. 
Amino acid sequences with 
accession numbers retrieved 
from NCBI GenBank, Elaeagnus 
umbellata sequences from 
translated transcriptome assem-
bly, sequences with 8-digit pacid 
from our local BLAST+ database, 
downloaded from Phytozome 
proteomes, sequences with “1KP” 

















































































































































































































































































































Figure 4.11D: Gene phylogeny 
of plant NIN/NLP homologs, 
showing phylogenetic distribu-
tion of paralogous gene lineages. 
Genes involved in nodulation 
markedwith red arrows, genes 
defining clades markedwith blue 
arrows, relevant E. umbellata 
genes marked with green arrows. 
Amino acid sequences with 
accession numbers retrieved 
from NCBI GenBank, Elaeagnus 
umbellata sequences from 
translated transcriptome assem-
bly, sequences with 8-digit pacid 
from our local BLAST+ database, 
downloaded from Phytozome 
proteomes, sequences with “1KP” 

















































































































































































































































Figure 4.11E : Gene phylogeny 
of plant NIN/NLP homologs, 
showing orthology of Elaeagnus 
umbellata NIN with NIN in other 
nodulating clades. Genes 
involved in nodulation marked-
with red arrows, genes defining 
clades markedwith blue arrows, 
relevant E. umbellata genes 
marked with green arrows. 
Amino acid sequences with 
accession numbers retrieved 
from NCBI GenBank, Elaeagnus 
umbellata sequences from 
translated transcriptome assem-
bly, sequences with 8-digit pacid 
from our local BLAST+ database, 
downloaded from Phytozome 
proteomes, sequences with “1KP” 





































































































































































































































































































Figure 4.11F : Gene phylogeny 
of plant NIN/NLP homologs, 
showing orthology of Elaeagnus 
umbellata NIN with NIN in other 
nodulating clades. Genes 
involved in nodulation marked-
with red arrows, genes defining 
clades markedwith blue arrows, 
relevant E. umbellata genes 
marked with green arrows. 
Amino acid sequences with 
accession numbers retrieved 
from NCBI GenBank, Elaeagnus 
umbellata sequences from 
translated transcriptome assem-
bly, sequences with 8-digit pacid 
from our local BLAST+ database, 
downloaded from Phytozome 
proteomes, sequences with “1KP” 







































































































































































Figure 4.11G : Gene phylogeny of plant NIN/NLP homologs, showing phylogenetic distribution of 
paralogous gene lineages. Genes involved in nodulation markedwith red arrows, genes defining 
clades markedwith blue arrows, relevant E. umbellata genes marked with green arrows. Amino acid 
sequences with accession numbers retrieved from NCBI GenBank, Elaeagnus umbellata sequences 
from translated transcriptome assembly, sequences with 8-digit pacid from our local BLAST+ 









































































































































































































































































Figure 4.11H : Gene phylogeny of plant 
NIN/NLP homologs, showing phyloge-
netic distribution of paralogous gene 
lineages. Genes involved in nodulation 
markedwith red arrows, genes defining 
clades markedwith blue arrows, relevant 
E. umbellata genes marked with green 
arrows. Amino acid sequences with 
accession numbers retrieved from NCBI 
GenBank, Elaeagnus umbellata sequenc-
es from translated transcriptome assem-
bly, sequences with 8-digit pacid from 
our local BLAST+ database, downloaded 
from Phytozome proteomes, sequences 













































































































































































































































































Figure 4.11I : Gene phylogeny of plant 
NIN/NLP homologs, showing phyloge-
netic distribution of paralogous gene 
lineages. Genes involved in nodulation 
markedwith red arrows, genes defining 
clades markedwith blue arrows, relevant 
E. umbellata genes marked with green 
arrows. Amino acid sequences with 
accession numbers retrieved from NCBI 
GenBank, Elaeagnus umbellata 
sequences from translated transcrip-
tome assembly, sequences with 8-digit 
pacid from our local BLAST+ database, 
downloaded from Phytozome 
proteomes, sequences with “1KP” 












































































































































































Figure 4.11J : Gene phylogeny of plant NIN/NLP homologs, showing orthology of Elaeagnus umbella-
ta NIN with NIN in other nodulating clades. Genes involved in nodulation markedwith red arrows, 
genes defining clades markedwith blue arrows, relevant E. umbellata genes marked with green 
arrows. Amino acid sequences with accession numbers retrieved from NCBI GenBank, Elaeagnus 
umbellata sequences from translated transcriptome assembly, sequences with 8-digit pacid from our 














































































































































































































































































































Figure 4.11J : Gene phylogeny of 
plant NIN/NLP homologs, showing 
orthology of Elaeagnus umbellata 
NIN with NIN in other nodulating 
clades. Genes involved in nodula-
tion markedwith red arrows, genes 
defining clades markedwith blue 
arrows, relevant E. umbellata genes 
marked with green arrows. Amino 
acid sequences with accession 
numbers retrieved from NCBI 
GenBank, Elaeagnus umbellata 
sequences from translated tran-
scriptome assembly, sequences 
with 8-digit pacid from our local 
BLAST+ database, downloaded 
from Phytozome proteomes, 






































































































































































































































































































































































Figure 4.12: Gene phylogeny of plant RPG 
homologs. Genes involved in nodulation 
marked with red arrows, genes defining 
clades marked with blue arrows, relevant E. 
umbellata genes marked with green arrows. 
Amino acid sequences with accession 
numbers retrieved from NCBI GenBank, 
Elaeagnus umbellata sequences from trans-
lated transcriptome assembly, sequences 
with 8-digit pacid from our local BLAST+ 
database, downloaded from Phytozome 
proteomes, sequences with “1KP” from1KP 
amino acid database

















































































































































































































Figure 4.13A : Gene phylogeny of 
plant CYCLOPS homologs. Amino acid 
sequences with accession numbers 
retrieved from NCBI GenBank, 
Elaeagnus umbellata sequences from 
translated transcriptome assembly, 
sequences with 8-digit pacid from 
our local BLAST+ database, down-
loaded from Phytozome proteomes, 
sequences with “1KP” from1KP amino 
acid database

































































































































































Figure 4.13B : G
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Conclusions and Synthesis 
By symbiotically coupling plants, which are photosynthetic but unable to fix 
nitrogen, with heterotrophic, nitrogen-fixing bacteria, nodulation drives nutrient cycling 
in terrestrial ecosystems worldwide (Smil, 1999). In addition to its stoichiometric impact, 
nodulation is a key innovation driving the diversity and ecological dominance of the 
Fabaceae, the 3rd largest plant family (McKey, 1994), as well as other nodulating rosid 
angiosperms. Legumes play a critical role in human agriculture by maintaining soil 
fertility in crop rotation schemes and providing dietary protein for humans directly and 
indirectly as animal feed (Galloway et al., 1995). Understanding the evolution of 
nodulation has important practical implications for determining which crop species could 
be genetically engineered to nodulate and how (Markmann & Parniske, 2009; 
Charpentier & Oldroyd, 2010). This could reduce the use of environmentally costly 
synthetic nitrogen fertilizers, and improve human diet with increased protein (Charpentier 
& Oldroyd, 2010).  
Aside from its environmental and agricultural importance, nodulation represents a 
fascinating example of the repeated evolution of a complex, symbiotic organ. The second 
chapter of this dissertation reviews the nodulation literature through the lens of homology 
and presents the symbiosis as a well-described case study in deep homology, 
evolutionary tinkering, and the ortholog conjecture. This chapter elaborates on and 
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sharpens several foundational concepts concerning the evolution of nodulation. First, the 
concept of an NFC-specific genetic endowment or “predisposition” to nodulate was 
introduced by Soltis et al. in 1995, but this idea has remained vague (van Velzen et al., 
2018), particularly since the best-understood genetic component of nodulation is the 
CSSP, which is present in all land plants and not specific to the NFC. In this chapter, I 
define the requirements of this predisposition in terms of an increase in the “bandwidth” 
of the single-copy orthologs in the CSSP, the ability to discriminate between AM and 
nodulation signals, highlighting the genes CCAMK and SYMRK as candidates for this 
increased bandwidth. Other non-CSSP genes may also play a role in this ability to 
discriminate between AM fungi and nodulating bacteria, and induce different 
downstream developmental cascades. Here, gene duplication and neofunctionalization or 
subfunctionalization may play a central role in a genetic “predisposition” to nodulate 
(Vanneste et al., 2013).  
The role of gene duplication in the evolutionary origin of nodulation is a second 
major concept elaborated in this review chapter. Some duplications of nodulation genes 
are specific to lineages within the NFC, such as the duplications of the LysM-RK NFR1 
and the origin of leghemoglobins in legumes (Gopalasubranamiam et al., 2008; De Mita 
et al., 2014). In other cases different nodulating lineages recruited different ancient 
paralogs, such as the differential recruitment of subtilase paralogs in the Fabales and 
Fagales (Taylor & Qiu, 2017).This differential recruitment of paralogs has several 
implications, aside from providing further evidence for the nonhomology of nodules 
(Doyle, 1994). Differential recruitment of paralogs could account for differences in 
nodulation in different lineages, and the phylogenetic distribution of different paralogs 
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has implications for what specific variation of nodulation is likely to arise in different 
lineages. 
The discussion of how the evolutionary history of individual genes recruited for 
nodulation in this chapter provides concrete, detailed examples of deep homology and 
evolutionary tinkering in the independent origins of nodules the theoretical understanding 
of the evolution of nodulation. This chapter presents the most comprehensive and up-to-
date synthesis of the literature concerning the evolution of nodulation, and applies 
theories on the origins of nodules to case studies of the independent recruitment of 
individual genes. 
The third chapter demonstrates differential recruitment of deeply divergent 
paralogous gene lineages in the independent origins of nodulation, showing that the 
subtilases recruited for nodulation in the Fagales and Fabales are in paralogous gene 
lineages that diverged long before the origin of the NFC. In light of the transcriptional 
conservation of these subtilases in nodulation in these two lineages (Svistoonoff et al., 
2003; Svistoonoff et al., 2004), this pattern of differential recruitment of paralogous 
subtilases for convergent function counters the ortholog conjecture, that orthologous 
genes are more likely to be recruited for similar functions (Kondrashov et al., 2002; 
Gabaldon & Koonin, 2013). Further, we show through synteny analysis that SBTM1 and 
SBTM3, which are induced only during AM, likely arose from SBTM4 (mediating both 
nodulation and AM) during the whole genome duplication near the origin of the 
papilionoid legumes (Cannon et al., 2010). This pattern of subfunctionalization of 
paralogous genes following the whole genome duplication has been proposed to account 
for the widespread and sophisticated nodulation in the Papilionoideae (Vanneste et al., 
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2014). Independent recruitment of paralogous gene lineages adds a nuance to the 
homologous genetic basis of nodules, since different nodulating lineages have different, 
lineage-specific paralogs available to them. 
The fourth chapter of this dissertation is the first study exploring the 
transcriptomics of nodulation in Elaeagnus umbellata. E. umbellata is an actinorhizal 
shrub in the Elaeagnaceae, an intercellularly-infected actinorhizal lineage for which 
nodulation has not been closely examined on a genetic level. We found multiple genes 
involved in IT formation in other lineages to be differentially expressed upon Frankia 
inoculation in E. umbellata, suggesting that there may be a common genetic basis to 
infection in lineages that form ITs and lineages with intercellular infection. Further, our 
transcriptome assembly recovered many of the E. umbellata genes homologous to those 
required for nodulation in other lineages. This mirrors findings in other nodulating 
lineages representing independent evolutionary origins of the symbiosis, showing deep 
homology in the origins of nodulation (Hocher et al., 2011; Demina et al., 2013). 
We examined the evolutionary history of 13 of these genes using extensive 
taxonomic sampling, by incorporating data from fully sequenced genomes and the 1KP 
project as well as sequences from our E. umbellata assembly and from the nodulation 
literature. This wide sampling allowed us to identify patterns of duplication and loss in 
these nodulation genes. For example, we found that the CASTOR paralog originated in 
the gymnosperms rather than the angiosperms, as previously thought (Delaux et al., 
2013), and that a paralog of MtMCA8, a gene required for calcium spiking in Medicago 
truncatula (Capoen et al., 2011), was specifically lost in the legumes (Fig. 4.8). 
	 195	
 Our assembled E. umbellata transcript was orthologous to the gene required for 
nodulation in other lineages for 12 of the 13 nodulation genes we examined, replicating 
previous findings of deep homology between nodules in different lineages. However, we 
found that our assembled E. umbellata subtilase gene is orthologous to legume SBTM4, 
and not the CG12 subtilase lineage required for nodulation in Alnus glutinosa and 
Casuarina glauca (Fagales). These findings again show that the evolutionary origins of 
nodulation involved differential recruitment of divergent paralogs for convergent 
functions. The divergence of paralogous genes involved in nodulation in different 
lineages could have functional consequences, and may help account for developmental 
and morphological differences in non-homologous nodules. If these paralogs are 
functionally equivalent, on the other hand, that is an important contradicition of the 
ortholog conjecture, which is already under doubt (Gabaldon & Koonin, 2013). 
This dissertation presents nodulation as a case study of deep homology and 
evolutionary tinkering. Examination of the evolutionary history of the subtilase gene 
family in land plants found differential recruitment of deeply diverged paralogs in the 
independent evolution of nodulation. Exploration of the transcriptomics of nodulation in 
E. umbellata adds another independent example of these processes, and our transcriptome 
assembly recovered orthologs of multiple CSSP genes involved in nodulation in other 
lineages. These findings contribute to our understanding of the evolutionary origins of 
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